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Abstract
The role of the three gastric regions (fundus, body and antrum) in the emptying of 
nutrient and non-nutrient meals from the stomach remains unclear. Clinical routine 
analysis is only concerned with whole stomach emptying, whereas previous research 
studies have examined the behaviour of the proximal and distal stomach.
The generally approved model for gastric emptying suggests that the antral mill is 
responsible for the trituiation and subsequent emptying of solid food from the stomach. 
However, little is known about the contribution to liquid and semi-solid emptying 
patterns controlled by different regions of the stomach and regulated by other digestive 
mechanisms such as gastric acid secretion, despite the fact tliat these types of meals ar e 
considered to be essential for daily nutrition.
A new method has been established for the processing and analysis of the three stomach 
regions which may provide more detailed physiological information regarding gastric 
emptying while being teclinically simpler and more time saving than current techniques.
A series of clinical gastric emptying studies were undertaken in normal subjects, using 
both scintigraphy and Electrical Impedance Epigastrography (EIE) teclmiques 
simultaneously. The experiments can be divided into gastric emptying studies with 
different calorific meals, with placebo and a pharmacological gastric secretion blocker. 
The studies were canied out to establish whether useful additional physiological 
information can be extracted from the analysis of scintigraphic gastric images of the 
emptying patterns for simple and complex meals using the three regions of interest 
method. Furthermore, the study investigated the effect of inhibiting gastric secretion on 
the rate of liquid and semi-solid emptying from the three regions of interest. The outcome 
may help in understanding the digestive processes and lead to a better diagnosis of gastric 
disorders as well as localising the pathophysiological mechanisms that cause a delay in 
gastric emptying in a specific region of the stomach.
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The nutrient meal experiments showed that the antrum has the shortest half-emptying 
time (T50) while the emptying times of the fundus and body were longer. Moreover, the 
emptying pattern of the flmdus, body and antrum varies according to the nutrient content 
of the meal. It is well known that increasing the calorific content of the meal delays the 
total gastric emptying. However, these studies demonstrated that the largest delay 
generally occur s in the fundus and body, where the majority of gastric juices are secreted. 
Mixing complex meals with these secretions and stimulating the digestion process takes 
longer than a simple meal resulting in the significant delay in the fundus and body. 
Conversely, a greater delay in the antral emptying was found predominantly in simple 
meals for the control of emptying. Large quantities of simple meals were found to trigger 
the return of duodenal contents back to into the pyloric area, consequently causing a 
delay in the liquid emptying time of the antral region of interest (ROI). Therefore, since it 
is thought that the gastric fundus and body may play an important role in the emptying of 
semi-solids, the semi-solid emptying time may not represent the volume of the meal 
within the antrum but instead represent the amount of processed food particles only.
The scintigraphic tri-region method uses the same total region of interest allowing for the 
acquisition of thr'ee acceptable regional images of the stomach. Experimental 
investigation has shown that the tri-region method is clinically useful to outline the 
function of each division of the stomach individually, as well as studying the impact of 
gastric secretory behaviour in each division. Therefore, the tri-regional model provides a 
better understanding of the physiology of the thr ee gastric regions.
In conclusion, the tri-regional model has confirmed that gastric function is related to 
gastric acid secretion and that the epigastric impedance reflects the gastric acid secretion 
as well as the meal composition and gastric content volume.
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CHAPTER (1)
Introduction
The digestive system, with the help of the circulatory system provides the body with 
water, electrolytes, and other nutrients. To achieve this, the stomach is both a storage 
and a digestive organ. It is specialised in the digestion of food with the subsequent 
absorption of nutrients, minerals, vitamins, and electrolytes. This depends on the 
coordination and integration of secretory activity, motility, and epithelial transport. 
The stomach plays a crucial role in this whole process by acting as a reservoir for 
ingested food, then carefully regulating the delivery of its contents into the first part 
of duodenum.
Moore et al, 1981 indicated that in the early digestion period, food is stored in the 
fundal pai’t of the stomach and a small amount is retained in the antrum. As emptying 
progresses, the amount of food in the antrum remains reasonably constant, but that in 
the fundus declines progressively. The ability of the fundus to relax and accommodate 
food without a major change in intragastric pressiu'e is termed gastric adaptive 
relaxation (Jan 77).
Advancements in technology during the past few decades have allowed more detailed 
studies of emptying in the proximal GI tract and its relationship to organ function in 
health and disease. Ingestion, digestion and gastric emptying patterns have been 
characterised and significant developments made into defining both local regulatory 
mechanisms and complex interactions between the meal type and the behaviour of the 
stomach regions.
Before mrdertalcing scintigraphic measurements of gastric emptying, it is important to 
clearty define the purpose of making the measurements. The importance of this 
becomes clear* when considering the wide variety of radiopharmaceuticals, imaging 
techniques, facilities and methods of data analysis that ar e available.
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Many studies measuring gastric emptying rates of various meals mider different 
conditions have been performed in different institutions. Comparing these results is 
difficult as many different techniques are used (Avi 87 and McC 85) and it is not 
obvious whether systematic or random variations occur* as a result of the chosen 
method. All methods have their specific advantages and drawbacks which, along with 
operator’s expertise and availability of different facilities, will deter*mine the accuracy 
of the chosen method. CuiTently, the processing of gastric images and emptying 
measurement in the clinical field are considered insufficient in providing infor*mation 
about the behaviour* of the different regions of the stomach (Ear* 95).
These scintigraphic studies concentrated on dividing the gastric image into proximal 
and distal parts (Col 83, Col 91, Chr 81, Doz 71, Ela 82, Har 70, Hor 82 and Hor* 89). 
However, none of these studies investigated the normality and abnormality within the 
tlnee gastric anatomical regions {i.e. fundus, body and antrum (Van 01 and Wau 01)) 
or* the values defining the behaviour* of these regions for* the different types of meals. 
Also, because there is no generally accepted processing model to describe the 
anatomical and functional stomach, the alternative was to establish a new method of 
processing and analysis that provides more detailed physiological information 
regar ding the regions of the stomach using an efficient and uncomplicated approach. 
Consequently, a tri-regional metliod was employed to provide a better* understanding 
of the physiology of gastric emptying and its thr*ee regions.
The present work focuses on the interpretation of the emptying behaviour* of the 
stomach and its three regions, (fundus, body and antrum), local and central regulatory 
mechanisms and the relationship between calorific meal contents and gastric acid 
secretion.
A validation of scintigraphic data analysis was undertaken in this thesis using a new 
method of defining the stomach’s tlnee regions of interest (fundus, body and antrum) 
as well as defining the same region of interest for both anterior* and posterior* images 
by direct comparison with the standard clinical protocol which is followed by several 
clinical and resear'ch institutions. This new method allows investigation and 
assessment of the emptying times in different stomach regions and whether they var y 
significantly with meal composition and energy content. It also provides infor*mation
-----------------------U n i # -------------------------
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about the specific position of a functional disorder within the stomach’s regions and 
shows that quantitative results can be achieved.
A series of clinical gastric emptying studies were carried out using Electrical 
Impedance Epigastrography (EIE) and scintigraphic techniques simultaneously. They 
can be divided into gastric emptying studies using different calorific meals (studies 
were done in the Medical Physics Department at the Royal Surrey County Hospital) 
(Chapter 7) and gastric emptying measurements using various calorific meals with 
pharmacological gastric secretion blocker agent (studies were carried out in the 
Nuclear Medicine Department at Kuwait Cancer Control Centre) in normal subjects 
(Chapter 8). These studies were done with the aim to see whether useful additional 
information can be extracted from the analysis of scintigraphic gastric images to study 
the emptying patterns of simple and complex meals using the thr ee regions of interest 
method (rather than routine analysis o f  the whole stomach ROI only).
A discussion addresses the emptying behaviour* of the stomach and its three regions 
using the proposed new method. The author* suggests that it may characterise gastric 
emptying by measurement of changes in these regions. The rate at which region 
counts decrease from maximum soon after a meal correlates witlr gastric emptying 
rneasmed using Electrical Impedance Epigastrography. It is however, imcerlain if 
gastric emptying of liquids should be related to changes in antral area only. 
Specifically, emptying of nutrient and non-nutrient liquids depends on the relationship 
between motor events in the proximal stomach, antr*um, pylorus, and small intestine, 
rather* than the motor function of the proximal stomach only (Col 91 and Hor 91). The 
factors that regulate emptying differ frmdamentally between nutrient and non-nutrient 
liquids (Hor 91) and the feedback from small intestinal luminal receptors 
predominates in the control of nutrient containing liquids. Gravity and intragastric 
volume on the other* hand are impor*tant determinants of emptying of isotonic liquids, 
which empty faster fr om the stomach than nutrient containing liquids.
The experiments were carried out using simultaneous scintigraphy and Electrical 
Impedance Epigastrography (EIE) in an attempt to compare the results obtained from 
these two techniques in healthy subjects. The interpretation of EIE half-emptying time
Uni
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results will be based on the behaviour of the EIE signal for different types of meals 
and phai-macological agent after inhibition of gastric juice secretion.
Little is known about the contribution of gastric acid secretion to semi-solid emptying 
detected by EIE. It has been hypothesized that this study will confiiin that the 
distribution of simple and complex {high fa t and calorific contents) meals in the 
human stomach differ significantly when both were administered on separate 
occasions. On ingestion, simple liquids rapidly dispersed throughout the fimdal and 
body part of the stomach with no evidence of preferential storage in the fundus. The 
complex meal, however, resided almost entirely in the fundus and mainly the body 
region and was then gradually redistributed to the antral stomach in small amounts.
Gastric acid secretion progresses hastily during the digestion phase for thr*ee distinct 
functions; protection from pathogenic ingested bacteria and microorganisms, 
hydrolysis of the basic common constituents of the food such as CHO, fat or protein 
and the process of breaking down food particles into a size small enough to be 
propelled towards the duodenum.
Studies on the effects of Ha-receptor antagonists on gastric emptying in humans have 
all been canied out under differing conditions, using different test meals, different 
routes of drug administration and different types of subjects in an attempt to resolve 
some of the confusion. It has been reported to have variable effects on gastric motility 
and emptying. The action of different H2-receptor antagonists on gastric emptying is 
controversial. Studies have suggested an increase (Hou 87, Hus 84), no change (Log 
78, Par* 94) or a decrease in overall gastric emptying (Sea 82, Cor 84, Ker* 91).
When using scintigraphy, the commonly accepted model for* gastric emptying 
suggests that the antral mill is responsible for the trituration and subsequent emptying 
of digestible food from the stomach. According to liter*atur*e, little is known about the 
contribution of the stomach and its three regions to liquid and semi-solid emptying 
made by other digestive mechanisms such as gastric acid secretion. The effect of 
inhibiting gastric secretion on the rate at which liquid and semi-solid test meals 
emptied fi orn the three gastric regions of interest was investigated.
Uni
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The development and application of EIE for the measurement of gastric contractions 
and the gastric emptying rate of liquids has continued to increase the use of EIE as a 
research tool. Of particular* impor*tance was the demonstration of the validity of this 
teclmique with semi-solid meals and also the examination of the impedance envelope 
performance to different calorific meals by simultaneous measurements of emptying 
time using scintigraphy.
Finally, past studies using EIE were based on the inverse proportionality between 
changes in volume and impedance (Sut 89, Fen 92). The changes in the conductivity 
of the gastric content because of the gastric secretions were considered as 
interference, which introduced an error* in the emptying rates (Avi 87). In order to 
understand this interference, we attempted to block gastric acid secretion in controls 
using inhibitory drugs such as cimetidine.
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CHAPTER (2) 
Functional Anatomy and Histology Of The Stomach
2.1 Introduction
Food is crucial for life as it is considered to be the main source of energy. It contains a 
variety of nutrient molecules that are required for regenerating new body tissues, 
repairing damaged tissues and sustaining needed chemical reactions that occur in 
every cell. On the other hand, food is incapable of being a source of cellular* energy 
until it undergoes chemical and mechanical processes such as digestion, where the 
food will be broken down into molecules small enough to cross the plasma 
membranes of cells (less than 1mm) (Mey 79 and Mey 81) and absorption, where 
small molecules pass the cells into the blood and lymph.
The organs that collectively cany out these functions are altogether* termed as the 
digestive system (Figure 2.1). This system is composed of two groups of organs: the 
gastrointestinal (GI) tract and the accessory digestive organs. Organs of the GI tract 
include the mouth, most of the phar*ynx, oesophagus, stomach, small intestine and 
large intestine. Conversely, the accessory digestive organs are the teeth, tongue, 
salivary glands, liver, gall bladder* and pancreas.
The main functions of the digestive system are: a) ingestion; which involves the food 
and liquid intake into the mouth, b) secretion; where the cells within the digestive 
system secretes each day a total of approximately 7 litres of water, acid, buffers and 
enzymes into the lumen of the GI tract (Tor 00), c) mixing and propulsion (motility) 
via contraction and relaxation of smooth muscle in the wall of GI tract that mix food 
and secretion and propel the waste towards the anus, d) digestion; which occurs by 
mechanical and chemical digestion, e) absorption; where the small molecules and 
ions are absorbed either* via active transport or* passive diffusion and f) defecation', 
where the waste and indigestible materials are eliminated from the body.
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Parotid gland 
(salivary gland)
Pharynx
E sophagus
Liver
Gallbladder
Duodenum
A scending colon
Cecum
Appendix
Mouth (oral cavity)
Teeth
Tongue
Salivary g lands
S tom ach
P a n creas
T ransverse colon 
Je junum
D escending  colon 
Ileum
Sigm oid colon 
R ectum
Anus
Figure 2.1 The digestive system consists of the digestive tract and its 
associated accessory organs (reprodfrom Tor 00).
2.2 Gastric Morphology
2.2.1 Macroscopic structure
The stomach is both a storage and a digestive organ. It may vary greatly in size and 
shape depending on the volume of its contents and the posture of the subject. The 
muscular wall has outer longitudinal, inner circular and innermost oblique layers of 
smooth muscle. The pylorus, a true physiological sphincter, consists of a thickening 
of the circular muscle layer with a contribution from the longitudinal layer (Gro 58). 
The thick mucosal lining of the empty stomach lies in longitudinal folds on a well- 
developed and loose submucosa.
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2.2.2 Microscopic Structure
Within the stomach, the two main functional divisions of the gastric mucosa are the 
parietal cell mass and the antrum. The parietal cells occur in the upper two-thirds of 
the stomach. Tubular glands secreting acid and pepsin open via the mucosal crypts 
onto the surface layer of tall mucus-secreting cells. Glands producing alkaline mucus 
predominate immediately distal to the oesophago-gastric junction. Parietal cells, 
secreting hydrochloric acid, extend from the oesophago-gastric junction to the corpus- 
antrum junction, which cannot be precisely identified macroscopically. This junction 
is identifiable microscopically as a transitional area which may be up to 2.0 cm in 
width (Oi 59). The position of this mucosal junction may vary so greatly that a large 
antrum may extend high up the lesser curvature and be accompanied by a small 
parietal cell mass and a small antrum may extend for only 4-5 cm from the pyloms 
along both lesser and greater curvatures and be accompanied by large parietal cell 
mass (Oi 59). Parietal cells ai'e scarce or absent in the antral mucosa, which contains 
only glands of the alkaline mucus-secreting type.
Endocrine cells are present between glands in the gastric and duodenal mucosa. These 
cells are sparse in the upper part of the stomach but are abundant in the antrum where 
the gastrin-secreting 'G cell' predominates. G cells are less abundant in the duodenal 
mucosa (Sol 69).
2.3 Anatomic Divisions
The stomach can be divided into areas based on the type of mucosal cells present. 
Externelly, the stomach is defined by its relation to contiguous structures (Bou 84, Git 
94, Ber 98, Van 01 and Wau 01) (see Figure 2.2). Having the status of the histologic 
and physiologic characteristics of the gastric mucosa vary according to location, it is 
important to have a knowledge of the gross anatomic gastric parts. For instance, the 
antrum contains no acid-secreting parietal cells, whereas the corpus has a large 
number and the fundus has few. The gastrin cell is abundant in the antrum but sparse 
in the fundus and corpus. These considerations assume surgical importance as well in 
the management of peptic ulcer disease as pointed out by Gray (72).
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Figure 2.2 The three divisions of the stomach (fundus, body and 
antrum) coated with the external and internal muscles 
(Reprod from Tor 00, p834).
On the other hand, the cardial portion is that part of the stomach immediately 
adjacent to the oesophago-gastric junction. Its border is well demarcated internally by 
the change from oesophageal squamous epithelium to gastric glands. However, the 
distal gastric cardial mucosal border is not well defined. The fundus is the portion of 
the stomach lying above a horizontal line drawn from the gastroesophageal junction to 
the greater curvature. It has no fixed anatomic boundary, and the histologic boundary 
is ill defined as well. The corpus or body of the stomach lies between the fundus and a 
point on the lesser curvature designated as the incisura angularis. The distal margin of 
the fundus is inconstant and changes with age (Oi 59). The antrum begins where the 
corpus ends and extends to the pylorus. The distal margin of the antrum is constant, as 
the antral mucosa does not extend beyond the pylorus under normal circumstances, 
except for finger-like processes of antral-type mucosa projecting 1 to 3 mm into the 
base of the duodenal bulb (Law 88).
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2.3.1 Arterial Blood Supply
The arterial blood supply of the distal oesophagus, stomach and proximal duodenum 
is mostly through branches of the celiac axis. The left gastric artery originates from 
the coeliac axis and a branch ascends on the right side of the cardio-oesophageal 
junction to anastomose with the descending thoracic oesophageal supply (Figure 2.3). 
The two descending branches of the left gastric aitery run close to the lesser curvature 
of the stomach and anastomose with branches of the right gastric artery, which 
originates from the hepatic artery close to the pylorus. The hepatic artery also gives 
origin to the gastroduodenal aitery that passes posterior to the first portion of the 
duodenum before it divides into the right gastroepiploic and superior 
pancreaticoduodenal arteries. The latter artery divides into anterior and posterior 
branches that pass distally in the concavity of the duodenum and anastomose with 
similar branches ascending from the superior mesenteric artery. These anterior and 
posterior arcades provide branches to the duodenum and the head of the pancreas. The 
right gastroepiploic artery passes upwards between the leaves of the greater omentum 
(it is a fibro-fatty tissue suspended from greater curvature) approximately 1 cm from 
the greater curvature of the stomach and anastomoses with the left gastroepiploic 
aitery (from the splenic aitery).
Many small aiteries pass from the gastric and gastroepiploic arteries through the 
muscularis propria and into the rich submucosal plexus (Bro 52), which sends small 
aiterioles to the gastric mucosa. The mucosa of the lesser curvature has a poorer blood 
supply than the remainder of the stomach (Bai* 51). Contrary to eailier reports (She 
54) aiteriovenous fistulas are not present in the submucosal plexus of the stomach 
(Zin 49). The fact led Barlow et al (51) to propose this as the cause of ulcers situated 
along the lesser curvature.
2.3.2 Venous Drainage
The veins from the stomach and duodenum follow the course of the arteries. The 
stomach is drained by five veins as well as many other venous tributaires: (1) the left 
gastric or coronary vein, (2) the right gastric vein with its pyloric tributaires, (3) the 
right and (4) the left gastroepiploic veins, and (5) the short gastric veins (Figure 2.4).
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Figure 2.3 Arterial supply of the stomach (modified from Tor 00).
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Figure 2.4 Venous drainage of the stomach (modified from Tor 00).
The coronary vein drains the distal oesophagus and the lesser curvature, cardia, and 
fundus of the stomach. It communicates with the short gastric veins draining into the 
splenic vein. On the contrary to peripheral veins, the visceral veins have no valves 
(Han 85 and Mi y 87). Consequently, they can provide ample collateral blood flow 
when any portion of the portal system is obstructed, because of either portal vein 
thrombosis or cirrhosis.
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2.3.3 Nerve Supply
2.3.3.1 Sympathetic innervation
The sympathetic innervation of the stomach originates from the anteromediolateral 
column of thoracic roots VII, VIII, and IX of the spinal cord. The majority of these 
fibres travel in the splanchnic nerves and synapse in the celiac ganglia. The celiac 
ganglia and plexus contain many sensory fibers from the stomach, duodenum, and 
pancreas. Thus, the celiac ganglia can be surgically resected or blocked with alcohol 
to alleviate the severe lumbar pain associated with pancreatic malignancies but it 
delayed the gastric emptying (Mai 83). The role of the sympathetic fibres in acid 
secretion has not been fully elucidated.
2.3.3.2 Parasympathetic innervation
Since the diaphragm is embryologically distinct from the oesophagus and the vagus 
nerve develops and descends with the oesophagus, all vagal branches enter the 
abdomen through the oesophageal hiatus (Figure 2.5).
Hepatic branch
Pyloric
branches
Anterior 
vagus nerve
Posterior 
vagus nerve
Celiac branch
(a)
Anterior 
gastric division
(b)
Posterior
gastric
ivision
Figure 2.5 Innervation of the stomach; a) anterior vagus nerve and b) posterior vagus 
nerve (Modified from Wei 74, p396).
Both types of innervations are important because they modulate the basic contractile 
activity, so that the tone of gastric muscles increases or decreases which consequently 
determines the rate of gastric emptying as well as the strength of the gastric motility 
and the amplitude of the stomach wall contractions determine the strength of the 
gastric motility counting on the meal type, its calorific contents and volume (Mey 81).
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2.3.4 Musculature
The gastric musculature is composed of inner, middle, and outer layers (see Figure 
2.2). The innermost muscle layer is incomplete and is more dense in the fundus than 
in the antrum. These fibres run obliquely from the fundus to the greater curvature. The 
inner muscle fibres blend with the middle circulai* fibres along the greater curvature. 
At the oesophagogastric junction, the inner fibres join with the circular muscle layers 
of the oesophagus.
On the other hand, the middle circulai* layer is the only complete muscle layer of the 
stomach wall. The fibres run from the lesser to the greater curvature and increase in 
number from the fundus distally to the antrum. The circulai* fibres become more 
concentrated in the antrum and aie responsible for one of the most important antral 
functions, gastric emptying. The antral “pump” mechanism, together with the pyloric 
sphincter, helps to determine the rate of gastric emptying, paiticularly of solid foods.
In 1969 Eisenberg et al have pointed out that parasympathetic denervation of the 
antrum, such as occurs with truncal vagotomy, when done without a concomitant 
diainage procedure, causes gastric stasis in humans. On the contrary, if 
parasympathetic innervation of the antrum remains intact, as in a highly selective or 
partietal cell vagotomy, a drainage procedure need not be perfoi*med and gastric 
emptying approaches normal (Lov 79).
Furthermore, the outer longitudinal muscle layer of the stomach is continuous with 
the longitudinal muscle fibres of the oesophagus. These muscle fibres continue 
distally from the oesophagus, largely along the lesser and greater curvatures. This 
allows much of the anterior and posterior walls of the stomach relatively devoid of 
longitudinal muscle fibres. The fibres from the lesser and greater curvature converge 
in the region of the pylorus and form a circumferential sheet. This layer becomes 
continuous with the duodenal longitudinal muscle layer.
Ultimately, the pyloric sphincter is a thick band of muscle that separates the stomach 
from the duodenum. The fibres appeal* to be continuous with the middle circular layer 
of the stomach but actually are separated from it by a thin fibre-connective tissue 
layer. The pyloms constitutes an important physiologic control mechanism for gastric
------------------------ UniS -----------------------
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emptying. The sphincter actually extends distally into the duodenum for a few 
millimetres, causing a redundant fold of duodenal mucosa to overlie its distal end 
(Mus 72).
2.4 Histological Features Of The Stomach
The stomach like most other portions of the gastrointestinal tract has four coats: the 
mucosa, submucosa, muscular coat and serosa (Figure 2.6). Along the lesser and 
greater curvatures of the stomach where the serosal layer, the outermost layer, 
continues onto the lesser curvature mesentery and omentum, an area is left bare 
between the anterior and posterior leaves of the mesentery.
Subsequently, the muscle layer, which is composed of three layers of muscle, as 
described earlier in this chapter. The submucosal lies between the muscle layer and 
the mucosa. It is made up primaiily of connective tissue that is principally collagen. 
Hence, the submucosa is the strongest layer of the stomach. The collagen network 
contains a rich anastomosis of vessels, lymphatics, and the submucosal plexus of 
Meissner.
Moreover, the muscularis mucosae which is superficial to the submucosa, is a thin 
layer of smooth muscle that is not grossly visible but is important in deteimining 
whether a carcinoma is invasive. The muscularis mucosae is important in maintaining 
the rugal folds in the stomach. This is considered to be an important histologic point, 
as when these provide a greater surface area for absorption and secretion than would 
be possible if the epithelial surface were flat. With gastric distension (i.e. post-meal 
ingestion), the gastric folds become flattened and the internal volume of the stomach 
may increase by 4- to 5- fold (Git 94).
The lamina propria is sandwiched between the surface epithelium and the muscularis 
mucosae. This connective tissue layer supports the surface epithelium and glandulai* 
structures. Within the lamina propria are capillaries, veins, and lymphatics.
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Figure 2.6 The four tunics of the stomach are the mucosa, submucosa, muscularis and 
serosa. Glands may exist along the stomach as a part of epithelium or within 
the submucosa (Reprodfrom Tor 00, p835).
2.4.1 Gastroesophageal Junction
At the gastroesophageal junction, the gastric mucosa begins which consists of the 
surface epithelium, lamina propria, and muscularis mocosae and terminates at the 
pylorus. The types and frequency of cells in the gastric mucosa are variable, both 
anatomically and physiologically, throughtout the stomach. The gastric epithelium is 
sharply demarcated from the squamous epithelium of the oesophagus at the 
gastroesophageal junction (Figure 2.7).
Squamous 
epithelium of 
y the 
Oesophagus
astnc epahelium
Figure 2.7 At the junction of the 
oesophagus with the 
stomach, the muscularis 
mucosae MM is 
continuous across the 
junction though it 
becomes less clearly 
visible in the stomach 
where it lies 
immediately beneath 
the base of the gastric 
glands (modified from  
Whe 87, p208).
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2.4.2 Cardia
Adjacent to the gastroesophageal junction is the gastric mucosa which composed of 
branched glands that secrete mostly mucus. The cardiac glands have primarily mucus 
-  secreting cells and there are also relatively few parietal or chief cells in this area.
The cardial mucosa extends distally for a variable distance (5 to 30 mm) on the 
gastroesphageal junction (Git 94).
2.4.3 Fundus and Corpus
Histologic studies showed that the fundic or corpus glands are long tubular glands that 
are fairly straight with little branching (Lan 44 and Rud 63). These glands are 
composed of a gastric isthmus, neck and base. Unlike the cardiac glands, the fundic 
glands have several cell types. The parietal cells are responsible for hydrochloric acid 
production and are relatively abundant in the fundus, decreasing in number toward the
I
antrum. These cells have a characteristic shape and are usually crowded away from j
the lumen by the surface epithelial cells and the mucous neck cells. Parietal cells are |
numerous in the isthmus and neck of the gland and sparse in the base of the gland I
(Figure 2.8). Parietal and chief cells are present in the fundus and corpus but are '
absent in the antrum. The function of the corpus is closely related to the type of cells 
present there. Acid, pepsinogen, and intrinsic factor, as well as mucus, are secreted by 
cells of the corpus.
2.4.4 Antrum-Corpus Junction
The histology of the gastric corpus changes near* the antrum-corpus junction. Ruding 
et al (63) found that the antr*um -  corpus junction is a transitional zone usually less 
than 2  cm wide, between the acid-producing portion of the stomach and the non- acid- 
producing portion (antrum). The glands become more tortuous and branched, the 
parietal and chief cells become sparse, and gastrin cells begin to appear (Oi 59).
Generally, the transition zone is proximal to the incisura angularis, which is the 
external boundary between the antrum and corpus. The incisura angularis does not 
change its position in the stomach, but the histologic antnim-corpus junction ascends 
along the lesser curvature with age (Oi 59). The antral mucosa may extend to within a 
few centimetres of the gastroesophageal junction in elderly persons.
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Figure 2.8 (a) The gastric glands contain a mixed population of cells of three 
main types: Mucus-secreting cells M cover the luminal surface of 
the stomach and line the gastric pits GP into which the gastric 
glands open. Hydrochloric acid-secreting cells names as parietal 
(PI) or oxyntic cells and pepsin-secreting cells, called peptic PC, 
chief or zymogenic cells, b) The fine structure of gastric mucosa 
(modified from Whe 87).
2.4.5 Antrum
In contrast to the simple tubular glands of the fundus and body, the pyloric glands are 
coiled, branched and are composed almost exclusively of mucus-secreting cells. The 
glands open into deep, irregularly shaped pits giving a characteristic frond-like 
appearance in histological sections (Figure 2.9).
There are few parietal cells in the proximal antrum and virtually none in the distal 
pyloric channel. Chief cells are not present in the antral mucosa. A unique cell located 
deep in the gastric pits contains fibers that extend into microvilli on the cell surface. 
Ferguson (69) claimed that these cells may have a sensory function, that is, regulation 
of hydrochlodic acid secretion by the parietal cell. The antral cell of most interest and 
importance is the gastrin of G cell. Basically, these cells, located in the midportion 
and occasionally in the neck of the antral glands between mucous cells.
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Figure 2.9 The pyloric glands 
are branched and 
composed almost 
exclusively of 
mucus - secreting 
cells. They open 
into deep, 
irregularly shaped 
pits P giving a 
characteristic 
frond-like 
appearance in 
histological 
sections. (Reprod 
from Whe 87).
2.4.6 Structural glands
A gland may consist of one cell or a group of highly specialised epithelial cells that 
secrete substances into ducts, onto a surface, or into the blood. The production of such 
substances always requires active work by the cells and results in an expenditure of 
energy. All glands of the body are classified as either endocrine or exocrine.
The secretion of the exocrine glands enters the ducts that empty at the surface of 
covering and lining epithelium or directly onto a free surface. The product of an 
exocrine gland may be released at the skin surface or into the lumen of a hollow 
organ. The secretions of this type of glands include mucus, sweat, oil, wax and 
digestive enzymes.
Conversely, endocrine glands secrete their products into the extracellular fluid and 
then diffuse directly into the bloodstream without flowing through a duct. These 
secretions named hormones, which regulate many metabolic and physiological 
activities to maintain homeostasis.
2.4.6.1 Exocrine Cells
Exocrine glands are structurally classified into unicellular and multicellular types. The 
surface epithelial cells are present deeper in the gland and they considered to be 
unicellular mucus-secreting cells lined within the gastric mucosa from the
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gastroesophageal junction to the pylorus. The cells are columnar with a round basal 
nucleus containing mucin granules and they function as a protective mucous coat.
The mucous neck cell has a rectangular nucleus, is somewhat smaller than the surface 
epithelial cell, and has fewer mucin granules. The mucous neck cells may give rise to 
chief or parietal cells and thus may be considered multipotential (Cap 6 6  and Mat 70).
In addition. The chief (or peptic) cells secrete pepsinogen, a proenzyme that, when 
activated by exposure to acid, becomes the potently proteolytic enzyme pepsin. They 
are primarily located in the corpus of the stomach and few number in the cardia 
whereas none is present in the antrum (Figure 2.10). As a matter of fact, these cells 
occupy the lower half of the gastric gland and are most numerous near the base of the 
gland. They contain large granules that are concentrated near the luminal surface of 
the cell.
The normal human stomach contains approximately 1 billion parietal cells (Sil 87). 
Parietal cells are large, pyramid-shaped located in the isthmus and neck of the gastric 
gland. They are distributed throughout the cardia, fundus, and corpus of the stomach 
but are most abundant in the corpus.
Lumen Microvilli
Secretory 
granules
Golgi
complex
Endoplasmic
reticulum Nucleus
Figure 2.10 
A diagram of chief 
cells at the base of 
a gastric gland 
(reprodfrom Git 
94, p91)
The apex of the parietal cell has a prominent secretory canaliculus that extends deeply 
into the cell. Microvilli line the secretory canaliculus and, when stimulated, become 
more prominent and engorged with smooth-surfaced vesicles (Figure 2.11).
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Figure 2.11 A micrograph diagram shows a parietal cell within a gastric gland, a) 
unstimulated and b) stimulated cell (Reprodfrom Git 94, p90).
An important consideration is that parietal cells secrete hydrochloric acid at a 
concentration of approximately 0.16N or 150-160 mEq/litre (Car 60 and Joh 94). The 
quantity of acid produced by the stomach correlates well with the size of the parietal 
cell mass, and peptic ulcer patients generally have a larger than normal parietal cell 
mass (Car 60). The human stomach secretes 1 to 2 L of gastric juice per day. Since 
the pH of the final juice at high rates of secretion may be less than 1 and that of the 
blood is 7.4, the parietal cells must expend a large amount of energy to concentrate 
hydrogen ion (Joh 94). The energy for the production of this more than a millionfold 
concentration gradient comes from adenosine triphosphate produced by the numerous 
mitochondria located within the cell.
2.4.Ô.2 Endocrine Cells
Several organs and tissues of the human body contain cells that secrete hormones but 
are not endocrine glands exclusively. These include some organs of the 
gastrointestinal tract such as the stomach, liver pancreas and small intestine (Fig 
2 . 12).
In the past few decades, all of the criteria for establishing the existence of a G1 
hormone have been satisfied. It was synthesized by Gregory and his colleagues 
(1964), as they were able to extract a polypeptide from the antrum that stimulated acid 
secretion. Afterwards, a paper published in 1968 by McGuigan identified the G cell
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by immunohistochemical techniques. The double-antibody technique developed by 
McGuigan led later to the identification of many other endocrine cells of the gut. The 
digestive secretions and activities of the stomach are summarised in Table 2.1.
Table 2.1 Summary of digestive secretions in the stomach.
STRUCTURE 
(Gastric mucosa)
SECRETION RESULT(S)
Mucous surface 
cells 
Mucous neck 
cells 
Parietal cells
Chief cell 
(zymogenic cell)
Enteroendocrine 
cell 
(G cell)
Secrete mucus
Secrete mucus
Secrete HCL acid
Secrete intrinsic 
factor 
Secrete pepsinogen
Secrete gastric 
lipase 
Secrete gastrin
Acts as a protective mucous coat.
Forms a protective barrier that prevents 
digestion of stomach wall.
Kills microbes in food; denatures protein; 
converts pepsinogen into pepsin.
Essential for absorption of vitamin B12, which is 
required for RBC formation.
Pepsin, the activated form, breaks certain 
peptide bonds in proteins.
Splits short-chain triglycerides into fatty acids 
and monoglycerides.
Stimulates parietal cells to secrete HCL and 
chief cells to secrete pepsinogen; contracts 
lower oesophageal sphicter, increases motility 
of the stomach, and relaxes pyloric sphincter.
Mucous surface cells
Gastric pit
Gastri
Simple
columnar 
epithelium 
Lamina
propna
Stomach mucosa
Gastric gland —
Smooth
muscle fiber
Muscularis mucosae. 
Submucosae
Mucous surface 
cell
Mucous neck 
cell
Parietal cell
Chief (zymogenic) 
cell
Enteroendocrine cell 
(G cell)
Figure 2.12 Gastric gland and cell types of the stomach mucosa (Reprod and 
modified from Tor 00, p835).
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The gastrin (G) cell is pear shaped with the apex of the cell facing the lumen (Figure 
2.13). The cell is located in the base of the gland between the mucous neck cells and 
is relatively densely distributed in the pyloric glandular mucosa. G cells become less 
abundant near the antrum-corpus junction, where they are mixed with parietal cells. 
They gradually disappear along the fundic side of the antrum-corpus junction and are 
found only infrequently in the fundic portion of the stomach. Although G cells are 
found primarily in the antral mucosa, they have also been identified in the duodenum 
and small intestine. The primary action of gastrin is the stimulation of gastric acid 
secretion. Nevertheless, the most important and recently discovered action of GI 
hormones is their trophic activity. Gastrin stimulates synthesis of RNA, protein, and 
DNA, as well as growth of the mucosa of the small intestine, colon, and oxyntic gland 
area of the stomach (Wal 94).
A peptide, gastrin-releasing peptide, was isolated in 1979 from extracts of nonantral 
gastric tissue by McDonald and his colleagues. Gastrin-releasing peptide has been 
shown to play a major role in the neural control of gastrin secretion from the antrum 
(Figure 2.14).
Figure 2.13 A micrograph shows 
two endocrine cells 
from the human pylorus 
resting on the basement 
membrane BM. The 
endocrine cell G is a 
gastrin -  secreting cell 
recognised on the basis 
of its large, moderately 
dense secretory
granules. The adjacent 
endocrine cell S 
contains much smaller 
and dense granules of 
the secretory product 
(Reprodfrom Whe 87, p 
276).
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There are other identifiable endocrine cells with different characteristics, such as; 
somatostatin cells (D cells) which have been identified along the entire 
gastrointestinal tract as well as the pancreas. Somatostatin (D cell) is an important 
inhibitor of many gastrointestinal hormones including gastrin, cholecystokinin (CCK), 
insulin, and glucagons. As a result, it is not surprising to find the D cell close to 
endocrine cells, such as the G cell in the pyloric antrum or the parietal cell in the 
fundus of the stomach as it accelerates gastric emptying and stimulates gastric acid 
secretion.
M icrovill i
Golgi °»fi__MitochondriaRough
/CkL 7  /endoplasmic
glan
Figure 2.14
a) A micrograph 
shows a 
gastrin cell 
within a 
gastric gland,
b) A diagram 
shows the 
different parts 
of gastrin cell 
(Reprod and 
modified from  
Whe 87, p 
213).
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CHAPTER (3)
Physiological Aspects Of The Stomach
3.1 Introduction
The fundamental function of the gastrointestinal tract is the digestion of food with the 
subsequent absorption of nutrients, minerals, vitamins and electrolytes. This relies on 
the co-ordination and integration of secretory activity, motility and epithelial transport 
as have been mentioned previously in Chapter 2.
The stomach plays a vital role in the whole process by acting as a reservoir for 
ingested food, then propelling its content into the proximal small intestine. On the 
other hand, the regulation of gastiic acid secretion reflects a complex set of processes 
that involves the final target, the acid-secreting parietal cell, and at least two local 
paracrine cells. ■
In this chapter, the mechanical and chemical features of the stomach will be described 
as well as the different pathways that impinge on secretory regulation at each of the 
control points.
3.2 Regulation Of Gastric Motility
Gastric emptying involves mixing ingested material with gastric juice and reducing 
into a smaller proper size any solids or semi-solids that have been swallowed be 
caused by integrated contractions of the orad stomach, the caudad stomach, the 
pylorus and the duodenum. For discussions of gastric secretion and emptying times, 
the stomach is usually divided into flmdus, body and antrum. Whereas for discussions 
of gastric motility, it can be divided into an orad (proximal) and caudad (distal) area. 
The orad region, which consists of the fundus and a portion of the body, and the 
caudad region, which consists of the distal body and the antrum (see Figure 3.1).
Uni
24
Chapter (3) physiological aspects o f  the Stomach
Oesophagus F Lin dus
Pyloms
Antmrn
Duodenum
>  Orad area
Caudad area
Figure 3.1 Divisions of the stomach according to gastric secretion and motility.
3.2.1 Constrictions o f the Orad portion o f the Stomach
The orad region of the stomach is involved in the accommodation of ingested material 
during swallowing as well as regulation of gastric emptying. In the course of 
swallowing a chyme, the orad area relaxes at about the equivalent time as the lower 
oesophageal sphincter does. Due to the active relaxation of the smooth muscle in both 
areas, the intraluminal pressure falls before appearance of the swallowed bolus and 
returns to more or less its previous level after the passage of the bolus (see Figure
3.2). This process is called receptive relaxation and is mediated by a nervous reflex.
A pressure-sensing device placed in the orad stomach reveals a resting pressure equal 
to intra-abdominal pressure with superimposed tonic pressure changes in the late 
stages of digestive state. These changes are low amplitude and have a duration of 1 
minute or more (May 94). As a result, the contractions reduce the size of the stomach 
as it empties.
3.2.2 Constrictions o f the Caudad portion o f the Stomach
Once swallowing takes place, phasic contractions of varying intensity called 
peristaltic contractions occur almost continuously in the mid-stomach and move 
toward the gastro-duodenal junction (May 94).
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Figure 3.2 Manometric recordings from oesophagus and orad stomach. Intraluminal 
pressures from the upper oesophageal sphincter (UES), the lower oesophageal 
sphincter (LES), and the gastric frmdus are shown. On swallowing, the UES 
relaxes before passage of the bolus. After bolus passage it contracts, to be 
followed by a peristaltic contraction in the body of the oesophagus. In order 
to allow passage of the bolus into the stomach, the LES and the orad stomach 
relax before the peristaltic contraction reaches them {redrawn from Joh 94).
These contractions increase in both force and velocity as they approach the junction. 
Among contractions, pressures in the caudad region are close to intra-abdominal 
levels and the duration of each contraction stretches between 2  and 2 0  seconds, with 
the maximum frequency of nearly 3 contractions per minute (Leo 97).
In the caudad area of the stomach, the contractions assist to mix and propel gastric 
contents toward the gastro-duodenal junction and emptied into the duodenum (Figure
3.3). On the other hand, most of the gastric contents are propelled back into the body 
of the stomach as a result of rising velocity of the peristaltic wave that leads to 
contraction overwhelming the gastric contents. This process has been termed 
rétropulsion.
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Figure 3.3 Effects that gastric peristaltic contractions have on intraluminal contents.
a) the contraction begins in the mid-region of the stomach and pushes 
contents toward the duodenum, b) as the concentration increases in 
force and velocity, some of the contents are passed over and forced 
back into the body of the stomach till they reach their maximum level to 
cause rapid and almost complete closure of the distal antrum. During 
this procedure, some contents are propelled into the duodenum whereas 
most are propelled back into the body of the stomach.
Moreover, slow waves are being initiated in the stomach due to fluctuations of the 
membrane potential rhythmically with cyclic depolarisations and repolarisations. The 
frequency of these slow waves is constant in the humans with approximately 3 
cycles/minute (Sch 89). In the stomach, a lag phase occurs, hence, the slow waves 
seem to pass from an area in the mid-stomach toward the gastro-duodenal junction 
were the lag phase becomes less. The frequency and velocity of spread of slow wave 
therefore control the frequency and velocity of the peristaltic wave.
In fact, a concurrent recording for both electrical and mechanical activities has 
exposed that slow waves initiate significant contractions of the musculature only 
when the plateau potential exceeds the threshold (see Figure 3.4) (Szu 75). As a 
result, the amplitude of the plateau potential is noticeably affected by nervous and 
humoral activities.
3.2.3 Constrictions o f the Gastro-duodenal junction
The argument of whether a zone of elevated pressure between the stomach and the 
duodenum exists or not is controversial. In 1991, Heddle and his colleagues (Hed 91) 
have demonstrated that even if that zone did not exist, the pylorus can contract
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independently, hence varying the resistance to flow between the stomach and 
duodenum.
Figure
4 sec
7 sec
3.4 a) Correlation between 
electrical and mechanical 
activities of stomach muscle 
from caudad stomach region. 
The top tracing represents 
mechanical events associated 
with the action potential 
changes, whereas super­
imposition in the bottom 
tracing results from two slow 
waves, b) Slow wave potential
  with spikes noted from distal
antrum (modified from (El-S 
78)).______________________
3.2.4 Constrictions o f the Proximal duodenum
The contractions of the small intestine are mainly of the segmenting type. Their 
maximum frequency maybe around 12 per minute in the digestive state. The duodenal 
contractions either impede or facilitate the emptying of contents from the stomach 
depending upon their number and pattern.
3.3 Motility Disorder Of The Stomach
The main factors govern gastric motility and emptying had been covered in section 
3.2, and only the more salient features are summarised here.
3.3.1 Structure and Physicochemical Properties o f the Meal
Basically, the liquid phase of any meal empties from the stomach in a non-linear 
pattern with a slope that decreased with time as a result of low-amplitude tonic 
contractions initiated in the fundus. Mechanically, antro-pyloric coordinated phasic 
pressure activity (reaching >100 mmHg) grinds solids down to particles less than 1 
mm in diameter (Col 91). Also, it produces rapid flow currents in the antrum that 
amplify this effect through liquid emptying (Mey 81). Non-digestible solids cannot be 
ground in this manner and therefore leave the stomach more slowly.
Along with other physicochemical properties of the meal that influence gastric 
emptying are volume (Hun 51), osmolality, acidity, calorific contents (Gio 00), and 
chain length of fatty acids in the meal (Roc 81).
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3.3.2 Neural Control
Neural control may govern gastric motility and emptying at thiee levels: 
Electrophysiologic control at the cellulai* level depends on the contractile 
responsiveness of gastric smooth muscle fibers in different pai*ts of the stomach. Cells 
in the proximal stomach have a steady, non-fluctuating transmembrane potential when 
at rest, and contractions in these cells result from small, slow depolar izations of the 
membrane without spikes. Cells in the distal stomach have well-defined, slow, cyclic 
changes in potential that consist of an upstroke potential and plateau potential, with or 
without spikes, and result in the pacesetter potential recorded extracellularly; 
Extrinsic neural control by the autonomic nervous system talces the form of afferent 
and efferent fibers travelling through the vagi and the sympathetic nerves, the latter 
relaying at thoracic spinal levels T-5 to T-10. Intrinsic contj^ol by the enteric nervous 
system is intimately related to the effects of locally released transmitters (chiefly 
peptides). This intrinsic neiwous system of the mammalian digestive tract, consisting 
of about 1 0 0  million neurons, serves impoifant functions, such as automaticity as a 
pacemaker.
3.3.3 Hormonal Control
The hoimones and peptides that appear to affect gastric emptying are motilin and 
neurotensin {acceleration), secretin {delay) (Wei 82), and catecholamines and (3- 
endorphin {decreased antral motility) (Sta 83). The effects of these agents are 
influenced by the composition of the test meal.
3.4 Regulation Of Gastric Digestion and Secretion
3.4.1 Introduction
The stomach plays a crucial role in this whole process by acting as a reservoir for 
ingested food, then carefully regulating the delivery of its contents into the proximal 
small bowel. The preparation of food inside the stomach is termed as digestion. 
Gastric digestion can be achieved by means of chemical processes into the stomach 
mainly due to gastric secretions known as gastric juice and mechanical actions to the 
special structure of the wall muscles and pacemaker located in the gr eater cur vatur e 
that results in gastric emptying.
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In the body of the stomach the parietal cells secrete acid and intrinsic factor (a 
glycoprotein secreted by parietal cells) and the zymogen chief cells secrete 
pepsinogens, which ar*e converted by acid into pepsins. The surface epithelial and 
mucous neck cells of the body of the stomach, and the pyloric cells of the antrum, 
secrete an alkaline mucus which acts as a ‘mucosal barrier’. The gastric mucosal 
banier protects the delicate mucosal epithelium from mechanical damage by the 
passage of the food and vigorous forces that developed during digestion. Acid and 
intrinsic factor are secreted by the surface epithelial and mucous neck cells, and the 
number of chief cells is conelated with the number of par ietal cells, so that with few 
exceptions measurement of acid alone provides an expression of gastric secretory 
capacity.
3.4.2 Composition o f gastric juice
Gastric juice and many of its functions originally were described by Beaimront (1833) 
in the last century. Functionally, the gastiic juice is produced by the chemical actions 
inside the stomach ar*e due to gastric secretions. The behaviour of gastric juice is 
attributed to acid, pepsin, intrinsic factor and mucus. Various cells present within 
gastric mucosa secrete these constituents of gastric juice except intrinsic factor that is 
required for the absorption of vitamin B12 by the ileal mucosa (Bea 55).
Basically, gastric mucosa are classified into two areas; oxyntic gland area that 
secretes acid and is found in the fundus and body regions of the stomach and pyloric 
gland mucosa which synthesizes and releases the hormone gastrin and it is obviously 
located in the antrum region. The oxyntic glands contain the acid-producing parietal 
cells and the chief cells, which secrete the enzyme precursor pepsinogen. On the other 
hand, pyloric glands contain the gastrin-producing G cells and mucous cells which 
also produce pepsinogen. Moreover, the parietal cells secrete hydrochloric acid and 
intrinsic factor.
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Forte and Wolosin (1987) stated that the normal human stomach contains 
approximately 1 billion parietal cells, which produce acid at a concentration of 150 to 
160 mEq/L. Also, the human stomach secretes 1 to 2 L of gastric juice per day. The 
parietal cells must expend a large amount of energy to concentrate hydrogen ions, 
since the pH of the final juice at high rates of secretion may be ~2.
Intracellular canaliculus is continuous with the lumen of the oxyntic gland and as a 
result, the tubulovesicles be converted into microvilli following stimulation of acid 
secretion and project into the canaliculus, which has become greatly expanded to 
occupy much of the cell (see Figure 3.5). Some enzymes such as carbonic anhydrase 
and H^, K'^-ATPase, necessary for the production and secretion of acid, are localized 
in the microvilli. During acid secretion, the activities of these enzymes start to 
increase. Acid secretion initiates within 10 minutes of meal adminitration. Probably 
the lag phase time between the meal ingestion and the gastric acid secretion is 
expended in the morphological conversion and enzymes activations that have 
previously been described.
Microvilli
Mitochondria
Intracellular
canaliculus
Tubulovesicles
Figure 3.5 Parietal cell; Electron photomicrograph (reprod 
from Whe 87).
It is important to mention that acid is necessary for the conversion of inactive 
pepsinogen to the enzyme pepsin. Both acid and pepsin begin the digestion of protein, 
but in their absence pancreatic enzymes hydrolyse all ingested protein and as a result 
no nitrogen is wasted in the stools. Furthermore, acid kills a large number of bacteria
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that enter the stomach and hence reducing the number of organisms reaching the 
intestine.
Under normal conditions, mucus lines the wall of tlie stomach, protecting it from 
damage. It acts as a lubricant, protecting the mucosa from physical injury. Both 
mucus and HCO3" neutralize acid and maintain the surface of the mucosa at a pH near 
a neutral stance. For this reason, this part is called gastric mucosal barrier as it 
protects the stomach from acid and pepsin digestion.
3.4.3 Stimulation o f  gastnc secretion
The un-stimulated human stomach secretes acid at a rate equal to 10% to 15% of that 
present during maximal stimulation. The stimulation of gastric secretion is 
conveniently divided into three phases; cephalic, gastric and intestinal phase based on 
the location of the receptors initiating the secretory responses. Also, there is a fourth 
phase termed as interdigestive phase. It is important to realise that this division is 
artificial as it is shortly after the start of a meal; stimulation is initiated fr om all thr*ee 
ar'eas at the same time (Figure 3.6). The cephalic phase begins with the expectation, 
thought, sight and smell, and perhaps ingestion and chewing of food stimulating vagal 
centres via the hypothalamus. The vagas nerves send preganglionic cholinergic 
efferent fibres to the nerve plexuses of many parts of the alimentary system. 
Postganglionic nerves fiom these plexuses stimulate the stomach and intestines 
directly, as well as potentiating indirectly their response to other stimuli. Thus the 
vagi stimulate the exocrine cells of the body of the stomach by direct cholinergic 
stimulation and by cholinergic potentiation of other stimuli, such as gastrin. The vagi 
stimulate the endocrine cells of the antrum of the stomach by direct cholinergic 
stimulation of gastrin release and by cholinergic potentiation of gastrin release by 
other stimuli, including distension and the chemicals in food.
The gastric phase begins with food entering the stomach, where it stimulates stretch 
receptors and possibly chemoreceptors in the body of the stomach, eliciting local and 
vagovagal distension reflexes, which evoke acid secretion. Food soon reaches the 
antrum of the stomach, where its bulk stimulates stretch receptors and its peptides and 
amino acids stimulate chemoreceptors in the pyloric gland ar ea. The hormone gastrin
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is then released from specialized G cells in the mucosa of the antrum. Gastrin is 
carried by the bloodstream and stimulates the parietal cells of the body of the stomach 
to secrete acid. The antrum has an important pH-dependent negative feedback system 
by which acid in contact with the mucosa causes inhibition of further release of 
gastrin.
(a) —  Taste o r  smell o f food
—  Tactile sensa tion  in
M edulla o b lo n g a ta
StomocK
Cephalic phase
(c)
J S ecretionsstim ulatedCirculation
(b)
stim ulated
M edulla
o b lo n g a ta
Locol reflexes 
stim ulated by stomacfi 
distention
Stomacfi
Gastric phase
M edulla o b lo n g a ta
gojfcric ;
secfwof»
increased  gastrin  
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D ecreased  gastric  
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S ecretin ,
gastric  inh ib itory  
p o lypep tide , cholecystokinin
Circulation
D ecreased  
g astrin  secretion
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Figure 3.6 The three phases of gastric secretion; a) Cephalic phase, b) Gastric 
phase, and c) Intestinal phase (reprod from See 95).
The intestinal phase of gastric secretion begins when food and its digestive products 
enter the intestine where neuroreceptors may be stimulated and intestinal gastrins and 
other hormones released. Acid secretion can also be inhibited by acid and fat entering 
the duodenum and intestine. Although the immediate postprandial response receives 
the most attention in physiologic studies, the secretion that occurs between meals, 
during the interdigestive phase, is probably more important from a pathophysiologic
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perspective. In fact, during human fasting, there is a 24-houi- diurnal variation in acid 
secretion; secretion is maximal from about 4:00 p.m to midnight and lowest during 
the eaiiy morning houi*s (Man 90).
Thus, it can be concluded that a meal entering the stomach elicits, by neural and 
endocrine mechanisms, neuioendocrine secretions of acid and pepsins, which acidify 
and partly digest the meal, producing chyme. When this reaches the antrum and 
duodenum it is partly neutralized by the alkaline secretion of the pyloric glands, 
duodenum, pancreas and bile, and it also causes inhibition of further acid secretion. 
The now liquefied and partly digested meal is at the correct pH for intestinal digestion 
and absorption.
3.4.4 Physiologic features o fA cid  Secretion
Physiologic regulation of gastric secretion requires that chemical messengers 
(transmitters) act on selected target cell and the process called receptor specificity. 
Regulation of gastric acid secretion reflects the interaction between specific receptors 
on target cells and chemical messengers delivered via the four major features:
3.4.4.1 Endocrine feature
Several endocrine cell types are distributed diffusely within the mucosa of the 
stomach and intestine, despite the fact that many hoimones aie released from 
specialised collection of cells in endocrine glands. An example of the mucosal 
endocrine pathway is the release of gastrin in response to a meal.
5.4.4.2 Neural feature
Chemical transmitters are released from the terminals of nerve fibers and travel short 
distances across synaptic space to the taiget cell. This mechanism removes any 
messenger that strays wide of its target via enzymes. Also it serves to terminate 
delivery of the transmitter to receptors on taiget cell. The most important transmitter 
of the neui’al pathway involved in acid secretion is acetylcholine, which is released 
from postganglionic nerves in the fundic mucosa.
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S.4.4.3 Paracrine feature
Cells witliin the mucosa release chemical transmitters that diffuse short distances 
across the intercellular space to target cells within the tissue. Histamine is considered 
to be the stimulatory paracrine transmitter and its physiologic importance was 
increased in inhibiting the acid-secretory, whereas, somatostatin (D cell) is the 
inhibitory paracrine transmitter. On the other hand, histamine Hz-receptor antagonists 
inhibit the acid secretory response to food, gastrin and vagal stimulation.
3.4.5 Mechanisms regulating Acid Secretion
As mentioned previously in section 3.4.2 the stomach is famous for its secretion of 
acid, but acid is only one of four major secretory products of the gastric epithelium, 
all of which ar e important either to the digestive process or to control gastric function 
(see Table 2.1):
M ucus: The most abundant epithelial cells are mucous cells, which cover the entire 
lumenal sui'face and extend down into the glands as "mucous neck cells". These cells 
secrete a bicaihonate-rich mucus that coats and lubricates the gastric suiface, and 
serves an important role in protecting the epithelium from acid and other chemical 
insults. Acid: Hydrochloric acid is secreted from parietal cells into the lumen where it 
establishes an extremely acidic environment. This acid is important for activation of 
pepsinogen and inactivation of ingested microorganisms such as bacteria. The 
transport processes involved in the secretion of hydrochloric acid ar e summarised in 
Figure 3.7 (Git 94). Proteases: Pepsinogen, an inactive zymogen, is secreted into 
gastric juice from both mucous cells and chief cells. Once the pH drops below 5 in the 
gastric juice, pepsinogen is activated by stomach acid into the active protease pepsin, 
which is lar'gely responsible for the stomach's ability to initiate digestion of proteins. 
In young animals, chief cells also secrete chymosin (reimin), a protease that 
coagulates milk protein allowing it to be retained more than briefly in the stomach. 
The strongest stimulant of pepsinogen secretion is acetylecholine (Ach). Hence, vagal 
activation during both cephalic and gastric phases results in a substantial proportion of 
the total pepsinogen secreted. Hormones: The principle hormone secreted from the 
gastric epithelium is gastrin, a peptide that is important in control of acid secretion
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and gastric motility. Gastric epithelial cells secrete a number of other enzymes, 
including a lipase and gelatinase.
The best-known component of gastric juice is hydrochloric acid, the secretory product 
of the parietal, or oxyntic cell. It is known that the capacity of the stomach to secrete 
HCl is almost linearly related to parietal cell numbers (i.e. size of the stomach).
P a r ie ta l  cell
B lood
To stomach
HCO
H,CO,
S e r o s o lCO. ♦ H.O sur toce
Figure 3.7 A process of Hydrochloric acid manufacture by 
parietal cells in the gastric glands of the 
stomach {modifiedfrom Che 98).
When stimulated, parietal cells secrete HCl at a concentration of roughly 160 mM 
(equivalent to a pH of 0.8). The acid is secreted into large cannaliculi, deep 
invaginations of the plasma membrane which are continuous with the lumen of the 
stomach.
The epithelium of the stomach is intrinsically resistant to the damaging effects of 
gastric acid and other insults. Nonetheless, excessive secretion of gastric acid is a 
major problem in human and, to a lesser extent, animal populations, leading to 
gastritis, gastric ulcers and peptic acid disease. As a consequence, the parietal cell and
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the mechanisms it uses to secrete acid have been studied extensively, leading to 
development of several drugs useful for suppressing acid secretion.
The hydrogen ion concentration in parietal cell secretions is roughly 3 million fold 
higher than in blood, and chloride is secreted against both a concentration and electric 
gradient. Thus, the ability of the parietal cell to secrete acid is dependent on active 
transport. The key player in acid secretion is a Y flY f  ATPase or "proton pump" 
located in the carmalicular membrane (Sha 92) and is magnesium-dependent. The 
ciUTent model for explaining acid secretion is as follows (see also Figure 3.7 for 
schematic summary);
• Hydrogen ions ai'e generated within the parietal cell fmm dissociation of 
water. The hydroxyl ions formed in this process rapidly combine with carbon 
dioxide to form bicarbonate ion, a reaction cataylzed by carbonic anhydrase.
• Bicarbonate is transported out of the baso-lateral membrane in exchange for 
chloride. The outflow of bicarbonate into blood results in a slight elevation of 
blood pH known as the "alkaline tide". This process serves to maintain 
intracellular pH in the parietal cell.
• Chloride and potassium ions are transported into the lumen of the caimaliculus 
by conductance channels, and as such is necessary for secretion of acid.
• Hydrogen ion is pumped out of the cell, into the lumen, in exchange for 
potassium tlirough the action of the proton pump; potassium is thus effectively 
recycled.
• Accumulation of osmotically-active hydrogen ion in the cannaliculus 
generates an osmotic gradient across the membrane that results in outward 
diffusion of water - the resulting gastric juice is 155 mM HCl and 15 mM KCl 
with a small amormt of NaCl.
3.4.6 Control o f Acid Secretion
Parietal cells bear receptors for three stimulators of acid secretion, reflecting a 
triumvrate of neural, paracrine and endocrine control:
• Acetylcholine (muscarinic type receptor)
• Gastrin
• Histamine (Hi type receptor)
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Extracellulai' calcium is also necessary for acid secretion. Binding of acetylcholine 
and gastrin both result in elevation of intracellular calcium concentrations. Histamine 
from enterochromafln-like cells may well be the primary modulator, but the 
magnitude of the stimulus appears to result from a complex additive or multiplicative 
interaction of signals of each type. For example, the low amounts of histamine 
released constantly fr om mast cells in the gastric mucosa only wealdy stimulate acid 
secretion, and similarly for low levels of gastrin or acetylcholine (Sha 92). However, 
when low levels of each are present, acid secretion is strongly forced. Additionally, 
pharmacologic antagonists (such as cimetidine, ranitidine, fomatidine, etc) of each of 
these molecules can block acid secretion.
Several additional mediators have been shown to result in gastric acid secretion when 
infused into animals and people, including calcium, and gastric-releasing peptide or 
(bombesin). Calcium and bombesin both simulate gastrin release, while opiate 
receptors have been identified on parietal cells. It is unclear whether these molecules 
have a significant physiologic role in parietal cell function.
3.4.7 Inhibition o f Gastric Acid Secretion
As the meal enters the stomach, its buffers neutralize the small volume of gastric acid 
present during the interdigestive phase. In the role of that the pH of the antral mucosa 
rises above 3, gastrin is released by the stimuli of the cephalic and gastric phase. 
Approximately 1 hour after food, the rate of gastric secretion is maximal, the 
buffering capacity of the meal is saturated, a considerable portion of the meal has 
emptied fr om the stomach and the acid concentration of the gastric contents rises.
Once the pH decreases, gastrin release is inliibited, removing a substantial factor for 
the stimulation of acid secretion and somatostatin inhibits the parietal cells. It can be 
noted that this passive negative feedback mechanism is very crucial in the regulation 
of acid secretion.
In support of the active inhibition of gastric emptying acid secretion, hormones 
termed as enterogastrones ai*e released from duodenal mucosa by acid, fatty acids, or 
hyperosmotic solutions. These hormones provide a protective barrier to the duodenal 
mucosa by preventing damage that can result fr'om acidic and hyperosmotic solutions.
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Secretin also may be classified as enterogastrone as it prohibits gastric acid secretion. 
Other physiological inhibitors such as gastric inhibitory peptide (GIF) which is 
released by fatty acids and acts at the parietal cells and cholecystokinin (CCK) are 
important for inhibition of gastric emptying and acid secretion (see Table 3.1 for 
summary).
Table 3.1 A summary of mechanisms used for inhibition of gastric acid secretion.
Region Stimulus Mediator Inhibit gastrin 
release
Inhibit acid 
secretion
Antrum Acid Somatostatin + 4-
(pH<3.0) (D cells)
— Acid Secretin 4- 4-
Duodenum r Nervous reflex 4-
hyperosmotic Unidentified 4-
solutions enterogastrone
Duodenum GIF 4- 4-
& Fatty acids Unidentified 4-
jejunum enterogastrone
3.4.8 Clinical value o f gastric secretion tests
The demonstration of anacidity (indicating gastric atrophy) is rarely necessary today 
to help support or exclude a diagnosis of pernicious anaemia or to support the 
carcinomatous nature of a suspicious gastric ulcer, because there are now newer and 
better tests of the specific pathological involved.
Acid tests are occasionally helpful in patients with X-ray negative, endoscopy- 
indefinite, ulcer-like dyspepsia, in that they may suggest that a particular patient 
probably has, or probably does not have, duodenal ulcer disease.
Basal secretion and pentagastrin-stimulated acid output should be measured in all 
patients before all operations for duodenal ulcer and, together with serum gastrin, in 
patients with dyspepsia after gastrectomy. These acid tests together with sham feeding 
(or insulin) stimulation should be performed routinely in all patients after vagotomy 
as part of the assessment of the vagotomist rather than to predict prognosis for the 
patient. Basal secretion pentagastrin and sham feeding (or insulin) tests and serum 
gastrin measurements should be done in patients with dyspepsia after vagotomy to 
seek a cause for their recurrent ulceration and to help plan revision operations.
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3.5 Regulation Of Gastric Emptying
Solids, liquids and semi-solids were propelled from the stomach by antral peristalsis 
after being stored in the proximal stomach were proposed by early theories (Mey 87). 
The stored material was gently pushed toward the antrum, and the greater inertia of 
solid paiticles led to their slower pattern of emptying compared with that of liquids. 
On the other hand, several observations suggested that the emptying of solids and 
liquids occur' by quite different and distinct mechanisms. Liquid emptying may occur 
in the absence of detectable antral contractions.
In fact, surgical resection of the fundus increases liquid emptying without altering that 
of solids, whereas antrectomy has the opposite effect of increasing solid emptying 
without altering liquid emptying. It can be noted that selective vagal denervation of 
the fundus increases intragastric pressure after a meal and accelerates emptying. On 
the contrary, vagal denervation of the antrum delays solid emptying. In the last 
decade, the theories, therefore, support a two-component stomach, with the tonic 
proximal region providing the driving force that empties liquids while the peristaltic 
distal stomach regulates emptying of solids (Figure 3.8). Probably, such a hypothesis 
is too simplistic, and multiple factors, such as fundic and body gastric tone, antral 
contractility, pyloric resistance, gastroduodenal coordination, and duodenal resistance, 
ar'e responsible for nutrient delivery into the small bowel (De P 87, Ray 87 and Doo
8 8 y
The pattern of gastric emptying may also be influenced by the viscosity of gastric 
contents and gravitational forces. The two-component system regards the antrum as 
the filtering, grinding, and propulsion unit for solid particles. Nevertheless, evidence 
exists that these functions are not unique for the antrum and that sorting of solid 
particles according to size may be a property of both the proximal and the distal 
stomach. After antrectomy, the emptying of solid food remains an active process, and 
even after antral excision, up to 60% of emptied particles are smaller than 1 mm in 
diameter (Mey 81).
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Figure 3.8 A schematic diagram to explain the main features affecting gastric 
emptying of solid and liquid meals (redrawn from Git 94).
Usually, gastric emptying of liquids is described as a simple exponential, involving a 
semilogarithmic decline in intragastric volume with time. Computer analysis suggests 
that liquid emptying is not simply volume dependent and exhibits an initial rapid 
linear component followed by a slower component, which is also linear. Despite the 
fact that the nutrient load or titratable acidity entering the duodenum remains 
constant, increasing the gastric concentration of nutrients, salts, or acidity slows 
gastric emptying (Lin 89 and All 89). The pattern of solid emptying tends to be 
sigmoid, with an initial lag phase during which no solid is emptied followed by a 
prolonged linear phase. Then, solid food enters the duodenum as particles smaller 
than 1 mm in diameter (Mey 81), although it has been shown that physical 
characteristics other than size and shape may influence solid emptying (Mey 89 and 
Sir 90). Food pre-ground to 0.25 mm empties rapidly, and soft and easily 
fragmentable solids empty faster than hard ones (Figure 3.9).
Furthermore, solid emptying has also been shown to depend on other hydrodynamic 
variables such as the viscosity and linear velocity of fluid leaving the stomach at the 
same time. In 1989, a study by Horowitz and co-workers has provided further 
evidence that solid emptying and liquid emptying are interdependent. They showed 
that the lag phase and the initial emptying phase of a solid meal were prolonged when 
a liquid meal was simultaneously consumed. Also, gastric emptying of a liquid meal
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was slowed by ingestion of solid food. In earlier studies from the same group, 
emptying of solids occurred only after 80% of a simultaneously ingested liquid meal 
had been emptied from the stomach.
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Figure 3.9 Cumulative gastric emptying of soft and solid indigestible 
particles. * n is the number of markers used, *P<0.05; 
P<0.01 (adaptedfrom Mey 89).
Despite the fact that ingested fat readily becomes liquid at body temperature and may 
be easily dispersed into tiny particles, the emptying of fat remains controversial. 
Essentially, the emptying of triglyceride is similar to that of solid food, with an initial 
lag phase followed by a slow linear phase. A number of mechanisms may be 
responsible for the pattern of emptying, including the layering of less dense lipid on 
the top of gastric chyme and adherence of fat to the hydrophobic surface of solid 
particles.
A study by Houghton and his colleagues (1990) showed that the addition of fat to a 
liquid test meal modified the intragastric distribution of fluid. The addition of 
margarine to the liquid meal delayed emptying by increasing the lag period and 
decreasing the slope of emptying. The increased lag phase was shown to be related to 
a redistribution of the liquid back into the proximal stomach (Figure 3.10). Infusion of 
lipid into the duodenum caused redistribution of solid food from distal to proximal 
regions of the stomach and a reduction in proximal tone. It seems likely that 
interaction between lipid and fat receptors in the duodenum caused a reduction in 
flindal tone with redistribution of food from distal to proximal stomach. Since the
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proximal stomach may prime the distal antrum, a reduction of its tone by fat easily 
explains the action of lipid on gastric emptying. Finally, these and further studies by 
the same group (Col 91) provided strong evidence that the two-component theory of 
gastric emptying may be an oversimplification.
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3.10 Gastric emptying from; ( —  ) whole stomach, ( —  ) proximal, 
and (••••) distal stomach in normal subjects for; a) a low calorie 
bland meal, and b) a high fat liquid meal (adaptedfrom Hou 90).
Gastric emptying is being influenced by several factors and the rate of gastric 
emptying plays an important role in allowing optimal digestion of ingested food 
within the proximal small bowel as well as regulating certain metabolic processes 
such as glucose homeostasis. The stomach has limited ability in sensing its contents, 
and emptying largely depends on feedback mechanisms triggered by receptors within 
the proximal small bowel (Spe 90, Azp 90, For 90, Ray 8 8  and Mel 91). Most of the 
experimental data on regulation of gastric emptying have been derived using liquid 
meals, but information is still accumulating on the control of mixed solid-liquid meal 
emptying as well as semi-solid (or semi-liquid) meal emptying.
Liquid emptying is mainly being influenced by the osmolarity, pH, and fat content of 
chyme entering the proximal small bowel. Salts and poorly absorbed carbohydrates 
reduce gastric emptying as their osmolarities increase. Although a study also 
demonstrated a potent low pH sensitive inhibitory mechanism that operates
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independently of titratable acidity in the proximal 15 cm of the duodenum (Lin 90), 
acid delays gastric emptying in proportion to the rate of delivery of titratable acid into 
the duodenum (All 89). Merely the proximal half of the small intestine has acid 
receptors, and the degree of inhibition of gastric emptying is influenced by the length 
of bowel exposed to acid. The inhibitory effects of fat on gastric emptying have been 
well dociimented (Mel 91, Bro 90 and Lin 90), and this appears to be a non-specific 
mechanism triggered by triglycerides, free fatty acids of different chain length and 
saturation, and phospholipids. The effects of these substances on gastric emptying 
may depend on their ability to partition in the cell membrane.
Products of protein digestion have been shown to slow liquid emptying and inhibit 
antral motility when they are infused into the small bowel. Infusion of an amino acid 
solution into the duodenum decreased solid emptying and increased the proportion of 
small particles in the gastric effluent (Lan 90). This effect may have been due to 
decreased antral motility, increased pyloric tone and activity, and increased gastric 
acid secretion and intragastric digestion.
Factors other than ingested food have been shown to influence gastric emptying. 
Intense stress delays gastric emptying, which is related to slow emptying from the 
proximal stomach and retrograde movement of chyme from the distal to the proximal 
stomach (Fon 90). Exercise has been variously reported to accelerate, delay, and not 
influence liquid emptying and to accelerate solid emptying (Car 89 and Moo 90). 
Also, Marathon runners were found to have accelerated solid emptying at rest 
compared with that in sedentary subjects.
Gastric emptying may be influenced by social habits such as smoking and alcohol 
(Mil 89 and Wil 90). Smoking delays the emptying of solids but not liquids, and this 
response is independent of nicotine. This could partly explain the adverse effects of 
smoking in patients with gastroesophageal reflux. On the other hand, both acute 
alcohol ingestion and chronic alcohol ingestion significantly delay liquid emptying, 
although there is a poor correlation between the delay and blood alcohol levels. These 
findings may help explain the occimence of nausea and vomiting frequently 
encountered after acute alcohol ingestion and in alcoholics.
Uni
44
Chapter (3)  physiological aspects o f  the Stomach
In fact, there is evidence that sex steroid hormones may also influence gastric 
emptying (Hus 89). Premenopausal women, and postmenopausal women receiving 
oral estrogen and progesterone have slower emptying of liquids than do men. 
Premenopausal and postmenopausal women taking sex hormone replacement therapy 
have slower emptying of solids than do men. Postprandial antial motility was, 
however, similar- in men and women. The physiologic significance of these 
observations and the mechanism of action of sex hor-mones in influencing gastric 
emptying are still imder fur-ther investigation.
As a matter of fact, the specific mechanisms in which the above-mentioned factors 
influence gastric emptying of solids and liquids remain controversial and probably 
depend on complex neurohormonal interactions. Forster and his colleagues (1991) 
showed in a study in rats that the action of hypertonic solutions on gastric emptying 
required an intact celiac ganglion, that acid required an intact pylorus, and that the 
effect of protein-rich meals was suppressed by vasoactive intestinal polypeptide (VIP) 
antibodies. Gastric emptying was not dependent on sympathetic adrenergic neurons. 
These results suggest at least 3 different reflexes whereby nutrients control the rate of 
gastric emptying.
CCK is being released due to the stimulation of protein-rich meals, and there is good 
evidence that this hormone plays a physiologic role in delaying gastric emptying (Lid 
8 6 ). Another evidence has supported the fact that inliibition of gastric emptying by 
peptone and CCK involves an autonomic reflex (Ray 8 8 ), with CCK acting directly 
on vagal afferents that subserve gastric mechanoreceptor function. Hence, the data 
suggest that CCK controls emptying by vagovagal reflex.
Theoretically, there are two types of lipid receptors that have been defined in the 
small bowel: those sensitive to long-chain lipids, and those sensitive to short-chain 
fats and glycerol. Those receptors sensitive to long-chain lipids therefore play an 
important role in slowing gastric emptying, although glycerol activation of receptors 
may also complement this effect. The iirlribiting effects of fat on gastric emptying are 
well known, and there is evidence of a vagal entero gastric reflex activated by lipid 
receptors in the duodenum and jejmium (Mel 91 and Mei 85).
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CHAPTER (4) 
Gastrointestinal Studies
4.1 Introduction
This chapter presents a general history overview of the different studies and 
experiments carried out to study the behaviour- of the gastrointestinal tract and 
describe aspects of the mechanism and control of gastric motility as well as focusing 
on methods for the determination of gastric emptying time in man.
The regulation of liquid emptying depends on the intraduodenal concentrations of the 
various products of digestion. These slow gastric emptying by excitation of duodenal 
receptors either by their osmotic pressure (e.g. mono-saccharides and amino acids) or 
by a specific action (e.g. salts of fatty acids). The inhibition of gastric emptying is 
rapidly mediated, suggesting a neural effector mechanism. The degree of inhibition of 
gastric emptying that is produced by food products is proportional to their nutritive 
density (that is, energy content per unit volume). However, the slowing of gastric 
emptying of a meal of high nutiitive density is not sufficient to prevent an increased 
rate of delivery of energy to the duodenum when such a meal is ingested (Hun 75). It 
has therefore been postulated that obese patients may eat meals that have higher 
energy density than noimal; hence, emptying of energy content is more rapid in the 
obese and satiety periods are shorter (Hun 75).
The volume of liquid ingested at any one time does not affect the overall rate at which 
emptying occurs, although the early phase of emptying is relatively more rapid with 
lai-ger meals (Hun 54).
Moreover, noi-mal meals contain a liquid component and solid as well as semi-liquid 
paificles of different sizes and constitution. The gastric emptying of solid paiticles has 
been studied using radioisotopes to label the food and external detection of the 
gamma radiation. In normal individuals the stomach processes large particles of 
radiolabelled chicken liver into a slmi-y of particles mostly smaller than 1 mm in 
diameter before emptying them into the small bowel (Mey 81). Smaller particles of
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liver empty more rapidly than larger particles, and different solid foodstuffs in the 
same meal have been shown to empty at differing rates (Wei 81).
In 1833, Beaumont published his experiments that were performed on the stomach of 
Alexis St. Martin who had a traumatic gastric fistula. He described the churning of 
gastric contents that occmi’ed as a result of gastric contractions and he was the pioneer 
scientist to observe that the type of food eaten determines the rate at which it is 
dischar ged from the stomach into the small bowel.
Thomas et al, 1934, pointed out that Hirsch (1893), suggested sixty years later that the 
gastric evacuation is regulated by the presence of various substances in the 
duodenum. In addition, they highlighted Marfraix’s work (1898), who reviewed 
evidence that certain solutions passing through the pylorus could delay gastric 
emptying. The mechanism of this gastric inhibition was elucidated by Thomas et al 
(1934) who demonstrated that fat, acid, peptone mixtures and hypertonic or hypotonic 
fluids introduced into the duodenum retar'd emptying by inhibition of gastric motor 
function. Such inhibition was shown to be accompanied by relaxation rather than 
contraction of the pyloric sphincter.
Above all, historical data cited by Cooperman and Cook, 1976 that Camot and 
Chassevant (1905) discovered the importance of osmotic pressure in the regulation of 
gastric evacuation by demonstrating that both hypertonic and hypotonic solutions 
delay gastric emptying. Beaumont’s observations (1833) on the rate of gastric 
emptying were made through a gastric fistula but it was Von Leube (1883) who 
performed the first “physiological” study of emptying by gastric aspiration technique.
4.2 The Gastric Emptying Process
Moore et al, 1981 indicated that in the early postprandial period, food is stored in the 
fundal pari of the stomach and a small amoimt is retained in the antrum. As emptying 
progresses, the amount of food in the antrum remains reasonably constant, but that in 
the fimdus declines progressively. The ability of the fundus to relax and accommodate 
food without a major change in intragastric pressur-e is termed gastric adaptive 
relaxation (Jan 77).
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Furtheimore, Dozois et al, 1971 concluded that vagotomy abolishes the reflux of 
receptive relaxation and results in rapid emptying of liquids. They mentioned that 
rapid emptying occui's because the transfer of liquids from the stomach to the 
duodenum depends on the gastroduodenal pressure gradient which is increased 
following vagotomy. Theoretically, the effect of a rise in the intragastric pressure on 
emptying could be offset on occasion by pyloric or antral contraction and the 
resistance of the small bowel to filling appear s to limit the rate of gastric emptying of 
liquids (Mil 81).
The reliability of the demonstration of a high pressur*e zone at the pylorus (Fis 73 a, b 
and Kay 76) and its function as an independent sphincter has been questioned (Atk 51 
and And 65). Terminal antral contraction probably closes the pylorus resulting in 
antropyloric synchr-ony and it is believed that the pylorus is normally relaxed (Eyr* 
83). Electrical activity, peristalsis and pressure waves in the antrrim are synclironized. 
Action potentials occur with peristalsis and peristaltic waves increase in velocity as 
they near the pylorus (Dav 77). Antral contraction leads to propulsion and 
rétropulsion of gastric contents which facilitate botli mixing and emptying of gastric 
contents (see Figure 4.1).
Conversely to liquid emptying, the distal stomach exerls major control over the 
emptying of solid food (Doz 71) and antral peristalsis grinds and mixes gastric 
contents before delivery to the duodenum. Solids empty from the stomach at a slower 
rate than liquids and it appears that the size of the ingested solid particle affects the 
process (Hin 77, Mey 79 and Hoi 82). Further studies using radiolabelled liver in dogs 
were shown that finely ground or homogenized liver empties more rapidly than liver- 
given as discrete cubes (Hin 77). Whereas inert solids that resist grinding by the 
stomach may empty more slowly than physiological solids such as chicken liver (Hoi 
82). These findings are consistent with the hypothesis that solid foods such as liver 
ar-e ground down and liquidized by the action of gastric peristalsis before being 
dischar-ged into the duodenum (Hin 77, Mey 76, Mey 79 and Hoi 82).
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Figure 4.1 Peristaltic waves passing over the stomach force a small 
amount of luminal material into the duodenum. Black 
arrows indicate movement of luminal material and purple 
arrows indicate movement of peristaltic waves in the 
stomach wall (modified from Tor 00).
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4.3 Gastric Emptying Patterns
In fact, there is a marked discrimination between the emptying of solids and liquids in 
normal stomach, with the solid component of the meal emptying more slowly than the 
liquid. Gastric emptying of liquids is often described by a mono-exponential function. 
Despite the fact that many scintigraphic studies support this description, other 
investigations indicate that with liquid meals, there is a brief post-prandial period 
during which emptying proceeds at a different rate from the one that subsequently 
becomes established (Hun 51, Geo 6 8 , Gri 6 8  and Mob 74). In some normal and 
abnormal subjects, eariy emptying may be characterized by a large initial squirt 
tlrrough the pylorus or slower delivery to the small bowel. Rapid early emptying is a 
common feature in patients who have undergone gastric surgery and it may be 
associated with the dumping syndrome (Don 74) or diarrhoea (McK 70).
Moreover, the observation of gastric emptying of fluids in an exponential manner 
with time (Him 51) is consistent with the findings that the larger the ingested volume 
of fluids, then the more rapid gastric emptying becomes. Though, Hopkins (1966) has 
shown that gastric emptying may also be represented in a linear manner by plotting 
the squar e root of the residual volume of fluid in the stomach against time.
Accordingly, solids are emptied from the stomach in an approximately linear manner 
with time (Doz 71, Hea 76, Mey 76, Gri 77, Gul 77 and Hoi 82), and in the normal 
stomach there is significant discrimination between solid and liquid emptying (Mac 
77 and Mai 77).
Solid-liquid discrimination is lost when gastric incontinence is produced by gastric 
siu'gery (Hea 76 and Hoi 82). In other words, the rate of emptying of solids seems to 
occm' independently of the volume of fluid in the stomach, but osmotic pressure, 
energy density, size or physical nature of the ingested particle, and fat content may 
modify the emptying rate of solid food (Kro 79). Tliroughout the lag phase, solids 
move from the fundus and body parts of the stomach into the antral stomach, where 
they are ground by antral contractions to a sign of approximately 1mm (Mey 79 and 
Mey 81). The duration of the lag phase is determined by measuring the interval
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between meal ingestion and the first appearance of solid radiolabel in the intestine in 
serial scans.
4.4 Rules of Gastric Emptying
Many studies in the late 19^ '^ century suggested that emptying of the stomach was 
regulated by stimuli that result from the presence of random substances in the 
duodenum. Normal gastric emptying is influenced by many factors including 
autonomic and hormonal activity (Hun 6 8 ), food and its energy density (Hun 51 and 
Hun 72), or protein content (Bur 78), the volume (Hun 6 8  and Sut 83), pH (Coo 74), 
osmolarity of gastric contents (Hun 6 8 ), emotional state (Wol 43 and Can 36), postur e 
(Yu 75 and Tot 80), temperature of intragastric fluid (Lev 70), and perhaps major 
changes in the viscosity of gastric contents (Hoi 79). Nevertheless, there is 
considerable intersubject variation in the rate of gastric emptying which is reflected 
by individual differences in the rate of absorption of drugs (Pre 74a, b and Nim 76) 
and some nutrients (Hoi 79) from the small bowel.
In addition, the duodenum provides a breaking mechanism for gastric emptying since 
receptors at this site respond to the composition of the stomach effluent. These 
receptors respond to the osmotic effects of the products of digestion of protein and 
cartohydrate and to the lowering of surface tension consequent upon the digestion of 
fat. Products resulting from the hydrolysis of fat are responsible for a delay in 
emptying. Also, it has been foimd that fat analogues that resist hydrolysis do not delay 
emptying (Cor 82). The rate of gastric emptying of an energy-dense meal is slower 
than that of meals which contain less energy per unit volume and, in general, the 
greater the energy density the slower the rate of gastric emptying (Hun 72). On the 
other hand, the doubling of the concentration of energy in gastric contents does not 
halve the rate of gastric emptying (Hun 78). In view of the fact that the obseiwed 
slowing of emptying is not fully offset by changes in energy density of ingested food, 
the rate of transfer of calories to their site of absorption in the small bowel tends to be 
gi’eater with richer foods (Hun 78).
According to a Hunt and Knox study in 1968, it was found that acid in the duodenum 
produces the rapid onset of a delay in emptying, perhaps by a neural mechanism (Coo
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75). Meals of neutral pH ar e emptied faster than those which are more acidic and the 
ability of given acids to slow gastric emptying is inversely proportional to the square 
root of their molecular weight (Hun 72).
In various studies of the effect of gastrointestinal peptides on gastric motor function, 
pharmacological doses of tlie hormone under investigation have been used with the 
result that the definition of a physiological role for these agents is not possible. The 
impoiiance of using physiologic doses of hormones in the study of gastric emptying is 
exemplified by a study showing that physiological doses of secretin, but not CCK, 
delayed the gastric emptying of liquids (Val 81).
Cannon (1936) mentioned that contractions of the stomach and duodenum occur 
dm-ing periods of fasting. This motor activity ceases abruptly following a meal. After 
a variable period of time, peristalsis begins in the distal stomach with waves occur ring 
at a frequency of approximately 3 cycles per min. This basic contraction rate has been 
recorded by dynamic imaging of the gastric antrum utilizing real time ultrasound (Hoi 
80). This movement corresponds with continuous electrical activity which is called 
the gastric slow wave. A small region in the corpus ventriculi, high on the greater 
curvature, is the origin of the slow wave and has been termed the gastric pacemaker 
(see Figure 3.8).
Following emptying of a meal, some indigestible solid particles (5mm in diameter) 
may remain in the stomach. These particles ar e transfeiTed from the stomach to the 
duodenum by contractions that are associated with a mechanical equivalent of the 
migrating myoelectric complex (MMC).
4.5 Measuring the Gastric Emptying, why7
Measurement of gastric emptying rate is finding a more general role in the 
investigation of patients with upper gastrointestinal symptoms as well as on an 
individual basis it may be useful in the assessment of patients with symptoms 
suggestive of gastric motor dysfunction. Mainly, they have been useful in defining 
disordered gastric motor function in patients who have symptoms following gastric 
surgery or symptoms of gastric stasis in the presence of autonomic neuropathy or
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systemic disease. The evidence of gastric incontinence in patients with dumping 
syndrome following gastric resections may be important in the planning of conective 
surgery or drug therapy. Also, treatment of gastric motor disorders with prokinetic 
drugs, such as rnetoclopramide, domperidone or cisapride, can be evaluated by 
sequential studies of gastric emptying rate.
Principally, quantitation of gastric emptying rate has aided in understanding of the 
physiology or pathophysiology of gastric motor function. Studies of the emptying of 
liquid and solid phases of a test meal provide indirect information about functions of 
the gastric antrum and integrated reflexes such as receptive relaxation of the stomach.
The contribution of the rate of emptying of the stomach to tire absorption rate of drugs 
has shed light on important drug absorption-emptying interactions that are discussed 
in Chapter 8 of this thesis.
4.6 Factors Influencing Gastric Emptying
The studies of gastric emptying must take into consideration the factors that can 
influence the rate of gastric emptying. There is considerable inter-individual variation 
in the rate of emptying. Studies that have investigated the emptying of plain water and 
different carbohydrate solutions have found that some subjects have a consistently 
rapid rate of gastric emptying while others have a consistently slower rate (Gio 00). 
Furthermore, there is also evidence of intra-individual variation, with some subjects 
showing a remarkably consistent rate of emptying for the same meal on different 
study days, while others show variation in the rate of emptying between study days. 
Despite this variability, individuals do appear to show a consistent trend towards 
either rapid or slow gastric emptying.
The rate of gastric emptying does not necessarily correlate with the rate of 
carbohydrate delivery. Brenier and his colleagues (1983) suggested that the rate of 
gastric emptying be calculated to ensur'e a constant rate of energy delivery to the small 
intestine. However, in this study, the concentrated glucose polymer solution delivered 
a greater amount of carbohydrate to the small intestine than the dilute glucose 
monomer solution. Thus, despite delivering a greater concentration of carbohydrate to
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the small intestine, the concentrated glucose polymer solution emptied more rapidly 
from the stomach than the concentrated monometric glucose solution, suggesting that 
there was no inhibitory feedback on the stomach to regulate the rate of delivery of 
carbohydrate to the small intestine.
4.7 Techniques assessed in the Measurement of Gastric Emptying
Interpretation of gastric emptying data requires at least two indices (Hun 51), one to 
measure early emptying behaviour- (especially important after gastric surger-y) and the 
other to interpret the delay of the emptying process (Don 76). A var*iety of teclmiques 
ar e now available to study gastric emptying. A number of the inconsistencies in the 
literature are due to differing methods of data interpretation, but standardization is not 
easy to achieve (Ela 82). A brief description of each technique and some of their 
advantages and disadvantages are discussed in this section. Studies in man have 
utilized one of ten different techniques.
4,7,1 Radiological Techniques
Three methods can be used; barium liquid, barium enteric coated granules or barium 
bm-ger (Pic 84). These rneasm-ements are easy to perform. The method consists of 
swallowing a meal of barium sulphate and taking of a series of x-ray pictur-es to 
examine gastric movement and emptying (Fen 92).
In addition, barium-impregnated pellets (3 mm diameter) mixed in a standard meal 
have produced assessments of emptying time similar to those observed with 
scintigraphic techniques (Hin 69 and Ber 80). As the particles are inert and resist 
grinding by the antrum they cannot be considered physiologic. Though, the emptying 
of such particles does resemble in part the emptying of physiological solids such as 
chicken liver (Hoi 82).
In view of the fact that radiological methods involve the exposure of a subject to 
relatively high doses of ionizing radiation, repeated examinations ar-e not acceptable 
from the biohazard standpoint. Also, they allow only qualitative information and the 
use of un-physiologic barium meal {indigestible solids). More quantitative 
radiological methods have been investigated (Sun 59), but they ar e subject to observer
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eiTor and inadequate assessment of gastric volumes from a two-dimensional film (She
75).
Radiological assessment of gastric emptying at the time of standar d barium studies is 
convenient and can provide some useful infonnation in patients witli major delay in 
emptying, mar kedly if mechanical obstruction is present.
4.7.2 Paracetamol Absorption
Whilst a dose of about 1500-mg of paracetamol is given to the patient, the initial 
changes in the plasma concentration have been shown to reflect the rate of gastric 
emptying. The paracetamol absorption technique can be used to measure the rate of 
emptying of a liquid meal but not a solid one (Bos 95). The technique is time 
consuming and the result is not immediately available. Errors are introduced because 
the results depend on factors irrelevant to gastric emptying.
4.7.3 Gastric Aspiration Techniques
The double sampling gastric aspiration method has several advantages over other 
aspiration methods. It provides quantitative data and as it permits sampling of the 
gastric contents, it allows measurements of the volume and composition of gastric 
secretion as well as measurements of the changes in stomach volume due to emptying.
In this method, the stomach is firstly washed with distilled water. The stomach is then 
emptied with an orogastric or nasogastric tube. Then the test meal, labelled with 
phenol red, is administered. Following mixing of the stomach contents samples of 
gastric contents removed from the stomach before and immediately after the addition 
of known amounts of phenol red by aspiration every 10 minutes. By measuring the 
changes in concentration of the phenol before and after each additional aliquot of dye, 
it is possible to assess both the volume of the meal remaining in the stomach and the 
volume of any gastric secretions. Gastric aspiration is invasive but uncomfortable for 
the patients and suitable for use only with liquid meals, of which it requires large 
volumes to provide accumte results (Bee 8 8 )
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Adjustments of this technique provide some advantages by the use of a double­
sampling tube (Geo 6 8 ) or the incorporation of radioactive markers (Bro 6 8 ). 
Additional improvements in methodology have led to more accurate assessments of 
emptying by dye dilution techniques (Hil 51, Dub 77, Wol 82 and Hm* 81). The 
gastric dye dilution teclmique allows the assessment of the volume of gastr-ic contents 
without a need for complete aspiration of stomach contents and permits the 
calculation of gastric secretion and emptying (Dub 77).
The Serial Test Meal has been used by Hunt and Spurell (1951) to obtain information 
in volunteers about the physiology of the gastric emptying of many different 
solutions. However, as it requires repeated nasogastric intubation over several days, it 
is not suitable for use in clinical practice.
In the intubation technique illustrated by George (1968), a marker is incorporated into 
a liquid meal prior to ingestion and small additional amounts of markers are added to 
the stomach contents via a nasogastric tube. After mixing of gastric contents, samples 
ar e withdrawn in a serial manner. An assumption is made that complete mixing of the 
marker occurs with the test meal and that there is no gastric emptying during the 
sampling procedure. Assay of the marker concentrations in the aspirates makes it 
possible to calculate the volume remaining in the stomach at each sampling time, 
thereby permitting determination of the emptying rate. However, intubation method 
does not measure the contribution of gastric secretion to the volume of the gastric 
contents. Hunt (1975) suggested a method for chloride determination which could 
then correct for underestimates of the volume of gastric contents in order to overcome 
this disadvantage. In spite of fact that the intubation technique of George (1968) was 
reliable and formerly popular-, this technique will allow only the quantitation of 
gastric emptying of liquids.
Gastric secretion and emptying were measured simultaneously by intra-duodenal dye 
dilution (Go 70, Ber 71 and Mac 76). A well-designed method for measuring gastric 
secretions and emptying rates after ingestion of an ordinar y solid meal were described 
by Malagelada et al (1976). Using one marker in an ingested meal and continuous 
infusion of a second marker into the duodenum, the movements of gastric contents 
across the pylorus can be quantitated. Firrthermore, acid, pepsin, total gastric secretion
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and the rate at which the meal and gastric secretions are emptying can be calculated. 
The solid components of the test meal are ground by the gastric antrum to a fine 
paiticulate suspension which is recoverable in the duodenal aspirate. Earlier 
observations being extended this method is a major advance because the emptying of 
solid food can be studied. Unfortimately, its complexity and invasiveness limit 
general use of the technique.
4.7.4 Magnetic Resonance Imaging (MRI) Technique
This technique can be used to follow gastric emptying. Allowing visualisation of both 
the stomach and its contents in tlrree dimensions. The technique is non-invasive in 
addition to allowing the physician to measure abnormalities of gastric emptying. The 
advantage of the MRI techniques is its ability to use the same method to 
simultaneously measure gastric emptying and the total volume of gastric contents and 
also to assess gastric emptying of liquids by adding a gadolinium complex (GD- 
DOTA), an inert non-absorbable marker to the meal. The generation of the three- 
dimensional images of the stomach makes it easier to understand the relationship 
between gastric anatomical configuration and meal emptying. Frequent imaging 
would allow simultaneous evaluation of both occlusive and non-occlusive antral 
contractions. Its high cost, however, provides a limitation on the use of the technique 
(Sell 92). Also, its ability to measur*e only the emptying time of liquids.
4.7.5 Breath Alchohol Anaslysis Technique
An assessment of gastric emptying rate using a breath alcohol analysis instrument has 
been described by Finch et al (1974). This study was based on the information that 
alcohol absorption occurs principally from the small bowel and, therefore, altered 
rates of alcohol absorption as estimated by sequential determinations of blood alcohol, 
using a breathalyzer, should reflect alterations in the rate of delivery of alcohol from 
the stomach to the small bowel.
In certain circumstances to detect gross alterations in gastric emptying, breath alcohol 
analysis may be sufficient, but there are number of limitations with its use (Hoi 80). 
For instance, the early phases of gastric emptying cannot be assessed as the breath 
alcohol records may be spmiously high due to contamination of the oropharynx by the
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ingested alcohol, even after the mouth has been rinsed with water. Also, the results of 
a breathalyzer study may be influenced by the accuracy of the breath alcohol analysis 
instrument, errors in insti-ument calibration, the temperature and humidity of the 
environment, pathologic conditions of the respiratory tract and even whether the 
subject had his or her mouth open or was taken before breath sampling. As a result, a 
breathalyzer can be used only as a relatively crude index of the gastric emptying time.
4.7.6 Octanoic Acid Breath Test
This is an indirect method for measurement of gastric emptying rate of solid meals. 
This method has been developed in the last decade. It is based on the radio-carbon- 
labelled octanoic acid breath test ( ''* C is a beta emitter). The test meal consisted of 
[14-C] -  octanoic acid mixed with egg yolk and prepared as scrambled egg. ^^*”Tc -  
albumin colloid was used as a second marker for simultaneous radio-scintigraphic and 
breath test measurements (Gho 93). The indirect information about the gastric 
emptying rate of the test meal is provided by measur ement of the excretion of CO2 as 
the absorption and oxidation of carbon -labelled octanoic acid to CO2 starts once the 
meal is emptied from the stomach. There was excellent correlation between the 
gastric emptying coefficient and the scintigi-aphic half emptying time (r = -0 .8 8 ) 
between the half emptying time determined by breath test and the scintigraphic half 
emptying time (r = 0.89) and between the lag phases determined by scintigraphy and 
those determined by breath test (r = 0.92). However, this method could be a reliable 
method for measuring gastric emptying of solid meals only.
4.7.7 ReaUTime Ultrasound Technique
Ultrasonography is a non-invasive, well accepted by the patient and radiation ft-ee 
teclmique. In the upper abdomen, the scamiing method is most useful diagnostically in 
real time ultrasoimd scan by using sector or linear- anay probes, which operate at 
frequencies of 3.5-5 MHz (Web 98). Filling the stomach with a fluid of a different 
density to the surrounding organs allows real-time observation of the stomach 
activities and its rate of emptying. Calculation of antral emptying cur-ves (based on the 
dimension of the antrum only) is preferable, as calculating emptying curves from the 
whole gastric area is difficult in large patients. This technique is a tedious and time- 
consuming method, which requires skilled operators. But the presence of large
Uni
58
Chapter (4)        Gastrointestinal studies
volumes of gas in the stomach makes it difficult to obtain an adequately definitive 
image as ultrasound cannot discriminate between the solid and the liquid components 
of the ordinary mixed meal (Hot 8 6  and Bol 85). The inaccur acies associated with this 
technique mean that it is not generally suitable for assessing gastric emptying reliably. 
The measurement of gastric secretion which contributes to gastric volume is not 
possible, but if only the first 1 2 0  minutes after a meal are monitored, this volume does 
not appear* to substantially alter the accur acy of the ultrasound measur ement (Hoi 85). 
Despite the fact that this technique appear s repeatable and reasonably accur ate, it can 
be used only to examine liquid emptying. However, it has the potential advantage of 
permitting the simultaneous recording of gastric contractions and emptying.
4.7.8 Applied Potential Tomography
Applied potential tomography (APT) can be used to evaluate gastric emptying of 
simple liquid meals. It measur*es the changes in impedance to the passage of electrical 
cur rent across the upper abdomen during ingestion and emptying of liquid meals with 
low electrical conductivity. This non-invasive method is suitable for measuring 
gastric emptying in different clinical situations, especially in children and pregnant 
women.
Initially, this teclmique was developed in the University of Sheffield, UK (Man 87, 
Bax 8 8 ), where it is now refen-ed to as electrical impedance imaging, impedance 
computerised tomography and electrical impedance tomography. It consists of a ring­
like array of 16 electrodes around the upper abdomen and provides cross-sectional 
images of the stomach, which can be displayed on a video rmit. When a ciuTent is 
applied to two points on the surface of a conducting biological material, a potential 
distribution is established within the material. If this is sampled by making 
measurements to what would be peripheral potential, the ratio of such measur’ernents 
to what would be the expected peripheral potentials if  the medium were uniform can 
be back projected along the imiform material curved iso-potentials to create an image.
APT is independent of depth variations and is not influenced by the patient’s 
movements. Also, it is easy to perform and, therefore, does not require skilled 
operators. In this respect, it could be a useful method for screening large populations.
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On the other hand, this technique is unable to measur e emptying of solids and require 
pharmacological inliibition of gastric acid secretion. Repeating the procedure for 
different locations of the stimulating electrodes leads to a form of computed 
tomography (Web 98). The apparatus for the experiment is relatively expensive, but 
can be a reproducible and reliable test.
4.7.9 Electrical Impedance Epigastrography (EIE) Technique
The Electrical Impedance Epigastrography (EIE) method is a non-invasive, non- 
radiative, inexpensive and uncomplicated method of monitoring the gastric volume 
(Sut 83, Sut 87 and Bro 99) and secretion (Gio 00). The procedure can be easily 
applied to a volunteer, repeatedly without any risk, to perform several measurements 
of gastric emptying. The measurement of gastric emptying using this technique was 
first performed by Sutton and others in 1984, and has undergone a number of 
refinements suggested earlier (Pic 84) and advancements since then by the group at 
the University of Surrey.
Spyrou and Castillo (1993) described the method as involving the placement of 
electrodes on the abdomen, and in equivalent positions on the back of the stomach. 
Then with introduction of a new material into the abdominal region, a change in the 
overall impedance of the region can be observed, provided that the specific resistivity 
of the material is sufficiently different from that of the suiTOunding tissue. Thus when 
a non- conductive meal, such as water with a conductivity of 0.3 mS/cm is ingested 
(conductivity less than 5.5 mS/cm the average conductivity of the stomach and the 
surrounding tissue), the overall impedance of the gastric region rises. As the material 
is emptied into the duodenum the impedance will drop back to its baseline level. 
When a highly non-conductive meal is taken, the impedance trace rises to a height 
above the base line and then gradually decays exponentially. The conductivity of the 
ingested food is affected by gastric secretion (Gio 00), which increases the 
conductivity of the stomach contents and therefore increases the rate of exponential 
decrease.
Impedance measurements were earned out (Gio 99) by applying high frequency, low 
intensity sinusoidal alternating current in the range of 1 to 4 mA at a frequency of 32
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kHz. This will give no sensation on the skin of the subject because the cuirent is 
chosen to be well below the neural stimulation level for the given frequency. This 
cuiTent is applied by means of a pair of electi-odes together with another two pairs (the 
voltage sensing electrodes), which are positioned at the region of interest. Impedance 
of the epigastric region to the passage of a 4 mA, 100 kHz AC electrical cunent is 
increased by approximately 2  ohms following the ingestion of a liquid with low 
electrical conductivity such as water. The sampling rate is 5Hz/second {i.e. SOOHz /  
minute) and the time between two data point is 0.2 seconds. There is a subsequent, 
mono-exponential decline in impedance, the time course of which reflects the 
duration of gastric emptying. After drinking water, large impedance increases occur 
during gastric accommodation and an ensuing decline occurs in a mono-exponential 
manner. This technique can also determine the power and frequency of gastric 
contractions (Ama 99).
EIE has the advantages that are considered to be similar to ultrasound of being non- 
invasive and not requiring the use of ionising radiation. On the other hand, this 
method cannot be used with solid meals. The technique is sensitive to body 
movements so the subject, for comfort, lies supine or semi-supine as in some other 
techniques.
The use of epigastric impedance for measuring gastric emptying and motility has been 
evaluated by the group at the University of Surrey. They concluded that the test was 
well tolerated by a large number of volunteers and its usefulness using liquid and 
semi-solid meals (Had 01, Gio 00, Gio 99, Ama 99, Hal 00 and Lon 98).
4.7.10 Scintigraphic Techniques
The use of radionuclide methods to study gastric emptying in humans began in 1966, 
when Griffith et al, used an orally labelled meal and scinti-scanner to quantify gastric 
emptying. The major advantages of this technique were that it was simple, non- 
invasive, avoided the need for sampling of intra gastric contents and was highly 
acceptable to patients. The ideal radiopharmaceutical should be inexpensive, non­
toxic, non-absorbable, homogeneously distributed within the meal, highly bound and 
has suitable imaging characteristic for gamma camera. The most frequently used
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isotope is because of its low cost, wide availability, short half- life (6  hours),
as well as it has no par ticulate emissions and can be administered in small doses (0 .2 - 
2 mCi, (7.4-74 MBq)). The dose delivered in a whole body radiation is less than that 
of a single abdominal x-ray.
External scamiing of radiolabelled food is used to measur e the emptying of solids. A 
variety of different labels have been used and investigators must base their choice on 
their par ticular needs (Hor 82). If it is desired to measure the emptying of a particular 
food particle size, then ^^Tc"hlabelled chicken liver is the most valid material (Mey
76). However, this is a complicated method, and for useful clinical data on the 
emptying of solids, a label that is distributed through out the meal is satisfactory such 
as; " V -D T P A  (Don 76).
At present, for the study of the emptying of the liquid component of a test meal 
teclinetium-99m (^ ^™Tc), indium-113m (^’^ '"In) or indium-111 (^^ I^n) attached to 
diethylenetriamine pentaacetic acid (DTPA) are favomed since tliey give radioactive 
emissions that are suitable for scintigraphy and in the amounts used they provide a 
relatively small radiation dose (Hea 76). In this chemical form these isotopes are not 
absorbed and can be mixed thoroughly with the test fluid where they do not adsorb to 
gastric mucosa (Hea 71). The solid component of a test meal can be labelled as an 
iner-t particle, such as Perspex-coated filter paper (Hea 76) or as a physiological solid 
such as chicken liver (Mey 76).
Radio-labelled chicken liver can be prepared by injecting teclinetimn-99m (Mey 76) 
or indium (113m)-colloid into the wing vein of a live chicken (Hoi 82). The chicken is 
sacrificed between 15 and 30 min after administration of the isotope. The animal’s 
liver is then removed, cooked, diced into cubes and added to a test meal. In fact, 
labelled chicken liver contains the tracer isotope in the Kupfer cells of the organ and 
there appears to be little dissociation of the isotope from the food during preparations 
of the test meal or the emptying studies.Thus, the tagging of chicken liver in a live 
chicken produces a very high labelling efficiency with good in vitro and in vivo 
stability. Quite the reverse, in vitro labelling of the chicken liver gives initial high 
labelling but within 1 hour*, one third of the labelling dose of sulphur colloid may 
become dissociated.
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Different studies using the previous mentioned methods of production of solid-phase 
markers have overcome some of the problems inherent in earlier studies where the 
isotope was not tightly bound to the solid phase of the meal. Besides that, in some 
studies, elution of isotope may have led to uncertainty about what portion of the test 
meal had been labelled. Using isotopes with different gamma emission is possible to 
quantitate simultaneously the solid and liquid emptying of a test meal by external 
scintiscanning. In addition, quantitation of duodenogastric reflux can be undertalcen at 
the same time as emptying rate measurements if two isotopes of different energy (one 
for assessing reflux and one for measming emptying rate) are used. For example, 
99rnTc_iminodiacetic acid can be injected intravenously and its excretion through the 
biliary tree into the duodenum can be observed by scintigraphy (Muh 80).
However, it is impossible, with external gamma counting, to quantify either 
intragastric volume of gastric secretion or the amount emptied, and both solid and 
liquid mar'kers become progressively diluted by the unloiown quantity of gastric 
secretion. This limitation applies to a liquid marker, though emptying of solid may be 
more reliably evaluated. Most studies now use an anteriorly and posteriorly positioned 
gamma camera linked to a computer; the result and count would be a geometrical 
mean of the counts of the cameras.
The sampling rate is 1 minute per flame and the stomach may be recognised by its 
anatomical shape and a region of interest can be drawn on the computer display. 
Changes in counts within this region, which reflect the gastric activity, can be 
monitored at regular* intervals (usually every minute) to produce curves of gastric 
retention against time (see Figure 4.2). Liquid emptying a mono-exponential curve, 
with the emptying rate being much faster during the first few minutes of ingestion. 
Emptying of solids is more often nearly linear* with time. These curves can be fitted to 
mono-exponential or* bi-exponential cm*ves, which provide mathematical parameters 
describing both the shapes of the curve and the emptying rate. Gastric emptying of 
liquids and solids can be measured separ ately as many gamma cameras can detect two 
nuclides of different energies incor*porated in the same meal, providing a better over 
view of gastric emptying than measur*ement of either solid or liquid alone (Hor 89).
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Figure 4.2 Gastric emptying curve for a digestible solid and 
liquid, showing percentage retention of the isotope 
against time (modified from Hor 89).
The dual-headed gamma camera can be used for bilateral detection of intra-abdominal 
counts thereby providing correction of change attenuation due to difference in the 
depth of radioactivity within the abdomen. Variations in depth of radioactivity due to 
stomach movement are encountered with the subject in the supine and upright 
position and there are errors in measured emptying rates if unilateral detection alone 
is used with a gamma camera (Tot 78 and Tot 80). In the absence of sophisticated 
nuclear medicine equipment, gastric emptying can be assessed using a single 
scintillation detector which may produce results similar to those obtained with a 
gamma camera (Ost 75 and Hoi 90).
Holt and his colleagues (1990) undertook simultaneous measurements of the gastric 
emptying rate of the solid and liquid phase of a dual-isotope, labelled test meal using 
a gamma camera and a simple scintillation detector, similar to that used in a hand held 
probe (Ost 75). This simple scanning was compared with simultaneous measurements 
made by a gamma camera. A dual-labelled test meal was utilized to measure liquid 
and solid emptying simultaneously. Using both a gamma camera and the scintillation 
probe, anterior and posterior scans were taken at intervals up to 120 minutes. A 
relative agreement between the methods was obtained both for solid phase and for 
liquid phase data. The application of the simple probe technique provided a non- 
invasive and simple method for assessing solid and liquid phase gastric emptying by 
the human stomach.
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Factors and conditions of gastric emptying rate measurement should be standaidized 
carefully as a wide variety of factors influence the measurement of gastric emptying 
(Tot 78). A number of factors appear to be important for the accuracy of scintigraphic 
studies of gastric emptying, including stability of radionuclide markers, high labelling 
efficiency, standardized meal composition, patient standard size and position dining 
imaging, correction techniques for radionuclide decay, interference when using 
multiple isotopes, imaging protocol, geometry changes and scatter. As a result, when 
each of these items receives close attention, valid outcomes would be obtained from 
comparisons of gastric emptying rate measurements between control and patient 
groups or between sequential investigations in the same subject. Reproducibility 
studies in normal subjects have shown variability in the day-to-day measurement of 
gastric emptying times which perhaps reflects the many factors that may influence 
this process (Hea 76, Cal 71, She 80, Col 83 and Cha 74).
The significance of correction techniques and their influence on errors during 
collimation has been emphasized (Tot 78, Tot 80, Chr* 83, Van 83 and Mey 83). 
Tothill et al (1980), have indicated that radiolabelled food material can be seen by 
scintigraphy to move anteriorly as it descends from the fundus into the antrum and 
this movement may increase anterior counts due to decreased tissue attenuation 
(Figure 4.3). Corrections for varying depth and attenuation are most important in 
studies using large meals in normal-sized or obese individuals (Chr’ 83). In earlier 
studies, {before the usage o f dual headed gamma camera) it has been suggested that 
the patient can be imaged from front and turned immediately to image from behind 
and the geometric mean calculated for respective gastric regions (Clir* 83). Two years 
before, Chr istian and his colleagues (1981) found that the average half emptying time 
for a 300 gram meal can be overestimated by approximately 10% by anterior imaging 
alone, with the highest imderestimate being 56% for posterior imaging only.
By inference, gastric emptying data, acquired by scintigraphy, can be obtainable in a 
variety of ways and some methods of analysis may be more sensitive for detecting 
abnormalities in gastric emptying. In view of the fact that gastric emptying of liquids 
occurs in an approximately exponential mamier with time, liquid emptying can be 
expressed as a half time or as the percentage of the isotope emptied by the stomach in 
a given time. On the contrary, solids empty from the stomach in a linear manner with
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time and results for solid emptying are best expressed as the amount emptied per unit 
time or perhaps the percentage of isotope emptied per minute.
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Figure 4.3 Gastric emptying of a whole stomach curves for a Glucose 10% meal 
expressed as retention of isotope against time for anterior images 
(closed circle) and posterior images (opened circles) {Had 02).
Quantitation of an early percentage such as the amount of the liquid or solid phase of 
a test meal emptied in 15 min, is useful in defining problems with receptive relaxation 
{liquids) or gastric incontinence {liquids and solids). The implication of 
standardization for reporting gastric emptying data has been emphasized (Ela 82). 
Despite the fact that gastric emptying is often expressed as a half emptying time, this 
measurement describes only a limited area of the gastric emptying curve.
4.8 Conclusion
Gastric emptying time measurement can be applied for research or for the 
investigation of clinical problems. These tests measure the overall emptying rate and 
are not generally sensitive to minor alterations of gastric motor function. In addition, 
the large inter-individual variation in gastric emptying rates in normal subjects makes 
separation between normal and abnormal sometimes difficult. If gastric emptying rate 
measurements are to be made in clinical practice it is mandatory that each laboratory 
define its own range of normal.
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Unfortunately, gastric emptying time measurement by scintigraphy has not been 
standardized to date with regards to the processing and analysis of the data. In most 
clinical circumstances, the barium meal is used to assess gastric emptying, but this 
investigation may provide diagnostic information only in patients with a mai'ked 
degree of gastric stasis. If an accurate, quantitative, non-invasive measure of emptying 
is required, then scintigraphy would appear to be the method of choice. Scintigraphy 
is widely available in most hospital facilities and it is a safe and comfortable 
procedure that does not require manual skill or special user altitude. Nuclear medicine 
techniques are relatively inexpensive and home line computer analysis with 
commercially available software can produce immediate quantitative data.
Until recently, the processing of scintigiaphic images was directed to the gastric ‘di- 
regionaP pattern {proximal and distal stomach) that leads to insufficient knowledge to 
what truly occui' in the stomach thi’ee regions (fundus, body, and antrum) when using 
liquid and semi-solid meals as a man daily dietary intake. Thus, the scintigraphic 
images can be manipulated to detect the emptying times for the different regions of 
the stomach. Scintigraphy is reproducible with the user standardized techniques.
In this thesis, besides the epigastric impedance technique, scintigraphy has been used 
to define alterations in gastric emptying time of the stomach’s thr ee regions (fundus, 
body and antrum) in a control gi’oup using different types of meals with different 
calorific levels (see Chapter 7). Also, the behaviour of these three regions in case of 
inliibition of gastric acid secretion using cimetidine as well as the interpretation of the 
epigastric impedance data in determining the half emptying times and gastric acid 
secretion are presented in Chapter 8.
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CHAPTER (5) 
Physical Properties Of Electrical Impedance Epigastrography
5.1 Introduction
Measui'ing the electrical impedance of any paiT of the human body requires an 
understanding of the electrical properties to be encountered. These properties and
their variations with respect to the frequency of the applied cruTent are briefly
introduced in this chapter.
Electrical impedance epigastrgraphy (BIB) can be a useful technique in medicine, as 
mentioned earlier in Chapter (4) it has several important properties; besides being 
non-invasive, it is also non hazardous since it does not employ ionising radiations or 
toxic chemicals. There is a high patient tolerance that makes the method suitable for 
the elderly and very sick and it is readily repeatable. The measurement procedures 
associated with most electrical impedance techniques are easy to manage and minimal 
staff training is required. Epigastrographic measurement of gastric emptying has 
found a particular' application in the measurement of liquid and semi-liquid emptying 
rates in normals and patients and it has been utilized in several clinical research 
studies over the past 15 years. Physical and physiological considerations of this 
method as well as description of the epigastrgraph tool will be mentioned in this 
chapter.
5.2 Biodielectrics
A dielectric may be defined simply as a material that the electric field penetrates. 
Basically, any tissue electrolytes are electrolytic conductors, with ions free to migrate, 
and with a considerable d.c (direct curient) conductivity. In conditions when the 
dielectric and the electrodes ar'e dry with no free ions, there aie no galvanic contacts 
with the electrodes, and accordingly there is no electrode polarisation impedance in 
series with the dielectric. Biomaterials can be studied in tire dr'y state, but the structur e 
of complex molecules will usually be very different from that in the natural or living 
state. By means of living tissue and the electrolytic conductance of the extracellular* 
fluids, the circumstance is more complicated and hydration, double layer formation
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and electrode polai'isation must be justified. In that case, both electrolytic and 
dielectric theories ai e applicable for the study of biomaterials (Gri 00).
Basically, an electrolytic conductor is chaiacterised by inmiittance, whereas a 
dielecti'ic is characterised by permittivity or capacitance. Muscle tissue is more a 
conductor with certain capacitive properties, stratum comeum is more a dielectric 
with certain conductive properties. There are different but possibly conect ways of 
describing a biological material. A number of bioimpedance users chaiacterise tissue 
by immittance teiminology, others by dielectric (Gri 00).
All biological materials ai*e polai' in nature and the size of their associated dipole 
moment depends significantly on the size of the molecule and the charge distribution 
throughout it (Gra 78). The fundamental paiameters which dictate the way in which a 
biological material interacts with an applied current aie the complex permittivity (s*) 
and conductivity (o). In spite of the fact that the membrane of a living cell is polar ised 
because the energy-consuming sodium-potassium pump transfers ions across the 
membrane so that the cell interior is negatively chaiged with respect to the 
extracellulai' fluid, such mechanism occin within the low energy range up to a few Hz 
and hence do not interfere with measurements made at higher frequencies.
5.2.1 Dielectric Into An Electrical Field
The practical definition of the static relative permittivity of a dielectric material, is the 
ratio of the capacitances of the same capacitor with first the dielectric and then only 
vacuum between its plates. The total polaiizability ax of a molecule is the sum of 
three terms;
aT = tte + aa + ao (5.1)
where is the electronic polarization when the applied 
electric fie ld  causes a displacement o f  the electron cloud 
relative to the nuclei in each atom, «a is the atomic 
polarization when the displacement is o f the atomic nuclei 
relative to one another, and cco is the orientation polarization 
referred to molecular orientation due to the displacement o f  
their relative charges (Gra 78).
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5.2.2 Conductivity
The conductivity (o), or its inverse resistivity (p), can be defined as a measuiement of 
a material’s ability to consent or resist the flow of electrical charges. Basically, this 
reflects the ease with which delocalised charge can migrate thi'ough the medium under 
the influence of the field. The conductivity of such polai* substances is highly 
dependent on certain physical parameters such as temperature, pressure and the 
frequency of the applied field. Conductivity can be expressed in Siemens/meter (S/m) 
where S =
5.2.3 Permittivity
The permittivity of a material indicates the extent to which localised charge 
distributions can be distorted under the stimulus of an electrical field. Mainly, the 
par ameter of permittivity (e*) can be expressed in terms of its real (s ), and imaginary 
(s ) components as follows:
8* = 8 - j 8 (5.2)
where j  is-yj—l , s is the relative permittivity (or dielectric 
constant), and s is the dielectric loss which is proportional 
to the energy absorbed by the material from the applied field.
Like conductivity, permittivity is dependent on physical par'ameters. In other words, 
frequency dependence is generally investigated at atmospheric pressure and at a fixed 
specific temperature. The standard room temperature may be assumed in the case 
where no temperature value is indicated (Gri 00).
5.2.4 Relationship between conductivityy resistivity and permittivity
When applying an electric field with potential V  to a material by two electrodes of 
ar ea S and separated by a distance d, then the material can be characterised by its two 
intrinsic features; conductivity (c), and permittivity (s*), related to conductance (G) 
and capacitance (C) respectively consistent with the following equations;
G = a ^  (5.3)d
C ^ s s f  (5.4)d
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On the other hand, a conduction current (7J and the displacement cuiTent 
consequently will flow according to the following equations (Bro 83);
7c = frO/ (5.5)
where Vt is the applied voltage V, t is the time in seconds, a 
is the conductivity o f material in m '\ f  is the frequency 
in Hz, 8 is the material’s dielectric constant (Fm'^)(is the 
ratio o f  the capacitances o f  the same capacitor first with a 
dielectric and then with vacuum between the plates) and So 
is the permittivity o f  free space (equal to 8.854 E-12 Fm'^).
In addition, when using complex notation, where j = , the impedance Z of the
real dielectric is given by;
In order to describe this in a more convenient way, it is worth mentioning that from 
equation 5.2, j s is associated with the resistive vector. By analogy with an ideal 
capacitor, one can express the ‘complex’ capacitance of dielectric as;
C * = 8 *Co (5.8)
where Q  = 8o A/d for a parallel plate capacitor, i.e. it is 
merely a geometrical constant, and the impedance Z  is 
given by;
Z = ^ - r  = --------- ----------  (5.9)jaiC Jœ C ^{s '-js" )
On the other hand, from equation 5.7, the impedance Z is given as;
Hence, combining equations (5.9) and (5.10) and equating real and imaginary parts, 8 
= C/Co, the relative permittivity is as follows;
—  (5.11)oyC^R G)s„
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5.2.5 Dispersion
Since the frequency of the applied electric field fulfils the criteria as it is raised, the 
relative permittivity decreases in several stages where on the other hand the 
conductivity increases. The reason behind that is the molecular dipole motion where it 
becomes progressively incapable to keep up with the alternating field direction (Gra 
78). Additional to the drop in the real permittivity, s , there is an absorption of energy 
from the field described by the imaginary component of permittivity, s .
The polarisation rates ar e limited in their occurrence. This results in disability of some 
polarisations to attain their d.c (direct crurent) or low frequency values. As it is 
known, the slowest polarisation is frequently that of dipole reorientation. In fact, the 
dipole moments are not able to orient fast enough to keep in alignment with the 
applied electric field as well as the total polarizability reduces from ax to (ax - Uq).
This reduction, with its related decrease of permittivity, and the incidence of energy 
absorption, is due to dielectric relaxation, or dispersion. It can be noted that the 
frequency at which this drop in orientation polarization occurs from 10'  ^ - 10^  ^Hz 
(Pet 79). The dispersion phenomenon is described by the complex permittivity (s*) of 
the medium (see equation 5.2). Hence, as the frequency rises, the real and imaginary 
permittivity can interpret the loss of energy in the medium (Spy 85) as follows;
\ + û f z ‘7 2  (5.13)
where œ is the angular frequency (27rf), t is the 
characteristic macroscopic dielectric relaxation time (is 
when the cause o f  the polarization "i.e. electiic fie ld" is 
removed then the electric charges and/or the orientation o f  
the polar molecules go back "relax" to their natural 
random position and orientation in a finite time), Ss is the 
limiting low frequency permittivity and is the permittivity 
measured at a sufficiently high frequency.
The variations of s and 8 vdth frequency and a t value of 10'^/2jt seconds are shown 
in Figure 5.1 for a prue polar molecule. In fact, equations 5.12 and 5.13 are commonly
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known as the Debye dispersion formulas, and they refer specifically to the situation 
where equilibrium is attained exponentially with time when a constant external field is 
imposed on a dielectric. Another example of dielectric dispersion curve can be seen in 
Figure 5.2 for an aqueous solution of haemoglobin, the curve shows three separate 
dispersion regions.
CD
Log /  (H z )
Figure 5.1 Variation of the dielectric complex permittivity components with frequency 
for a Debye-type relaxation process in a pure polar molecule, with x = 10'*^ /27c 
seconds (modified from Pet 79).
A Dielectric increment
, ^-dispersion extrapolated to high 
^  frequencies.
-  y-dispersion extrapolated to low 
frequencies.
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Figure 5.2 Dielectric dispersion curve of an aqueous solution of haemoglobin; /Rpis 
the relaxation frequency of protein molecule and /rw  is the relaxation 
frequency of water molecule (modified from Gra 84).
In 1957, Schwan had pointed out that the dielectric dispersion curve of muscle tissue 
could be broken down into three principal regions; a-, p-, and y- dispersion (see
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Figure 5.3). It can be noted from figure 5.3 that the dielectric constant decreases 
swiftly as the frequency increases.
10*
UP
Relative
permitivity
10'
Frequency /  (MHz)
Figure 5.3 Dielectric dispersion for a complex biological material
(reprodfrom Gra 84).
At low frequencies, the dielectric constant reduction is due to cell membrane acting as 
a capacitor and it is known as a-dispersion. f-dispersion (between 1 10 500 MHz) is 
thought to occur when a heterogeneous medium is placed in an electric field when an 
accumulation of charge will rapidly build up at the various boundaries separating 
regions of different permittivity and conductivity. In other wards, this type of 
dispersion is due to loss of energy in dipole relaxation. Conversely, the y-dispersion is 
thought to be due to the relaxation of water molecules. Lastly, a small dispersion 
occurring between the f r  and y-dispersions which has been observed in the aqueous 
solutions of several different proteins and is referred to as the ô-dispersion which is 
caused by the relaxation of the water molecule in the immediate environment of the 
biological macromolecules.
Graphical representations of permittivity variations with frequency can take the form 
of Cole-Cole plots (i.e. modification of the Debye dispersion equations 5.12 and 
5.13), where the real and imaginary parts of the complex permittivity are plotted 
against one another over a range of applied frequencies;
• ~£ =£^ + (5.14)
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The fit of this model is considered to be acceptable as a allows most of the data to be 
fitted regardless of the occurrence of the actual physical mechanism.
5.3 Biological Materials Behaviour
As a biological material is subjected to an alternating current, its free and bound 
charges give rise to conduction current Ic and a displacement current. Id, respectively. 
The possibility to which each of these takes place relies on the frequency / ,  where the 
current is applied across a unit cube of material (Equations 5.5 and 5.6).
The resistive properties of tissues are far less dispersive than their dielectric 
properties. As can be noticed from Table 5.1, the conductivity falls relatively slowly 
below 10 Hz (Sch 57). The overall property of the body interior is that of a conductor 
with a resistivity of 5-10 ohm-meters. Within the human body, the displacement 
current due to polarisation is very much less than the current carried by the free ions 
regardless of the high dielectric constant of tissues (She 77). Moreover, the rich ionic 
environment is reflected in the fact that body tissues are about 75% water in which 
electrolytes are dissolved.
Table 5.1 Conductivities, a, in ohm/m of Dog tissues {reprinted
from Sch 57).
Tissue/Frequency 10 Hz 100 Hz 1000 Hz 10000 Hz
Lung 0.090 0.091 0.096 0.105
Muscle 0.104 0.114 0.120 0.132
Liver 0.119 0.125 0.130 0.146
Heart muscle 0.104 0.108 0.118 0.167
Fatty tissue - - 0.020-0.066 -
In 1967, Barnes and his colleagues have calculated the ratio of the free ion to the
(5.15)
polarisation charge and they’ve derived the following relation;
Q. 1
& COp{£'-£ç,)
where Q, is the free charge; Qp is the polarisation charge 
and CO is the angular frequency (in radians).
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In addition, Figure 5.4 shows the consequent variations of both the conduction and 
displacement currents with frequency in a typical soft tissue (Bro 83).
Log 10
1-1
0
2
3
2 3 4 5 6 7 0
Logio/(Hz)
10
Figures.4 Variations of 
conduction and 
displacement 
currents with 
frequency for a 
typical soft 
biological 
tissue (reprod 
from Bro 83 in 
Jac 83).
It can be concluded from the previous relation that the free charge conductivity 
predominates within the body tissues. This also means that the displacement current 
associated with capacitance can usually be ignored and thus the biological materials 
can be considered as pure free ion conductors.
5.4 Physical and Physiological Considerations Of Electrical Impedance
The measurement of impedance changes associated with physiological processes 
requires the passage of an electric current through the organ or tissues under 
investigation and measurement by suitably placed voltage-sensing electrodes. For 
living subjects, either human or animal, this requirement necessitates consideration of 
the following factors:
1) Prevention of stimulation of sensory receptors immediately under the 
electrodes where the current density and potential gradient are maximum.
2) Avoidance of alteration in the function of the organ or tissue being measured.
3) Use of a current carrier of sufficiently high frequency to ensure adequate 
impedance sampling during rapid impedance changes.
4) Prevention of imparting excessive heat energy in the tissue.
So, in order to achieve these requirements, a low current (l-4mA) with frequency in 
excess of 20 kHz is necessary (Ged 63). Once a frequency, current and voltage
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compatible with the foregoing requirements have been selected, it is pertinent to 
examine the means of introducing the current into the biological specimen and the 
manner in which the cuiTent flow is modified by physiological activities to produce 
measurable impedance changes. These two considerations are dependent on the 
specific resistances of the tissues between the electrodes and the nature of the 
electrode-tissue interface as well as the alignment and geometric changes in tissues of 
different resistivities accompanying the physiological event of interest.
As has been mentioned earlier that biological tissues contain both free and bound 
charge carriers. Once an electric field is applied, the free charges produce a 
conduction cun-ent the size of which is associated with the conductivity of the tissue. 
On the other hand, bound char'ges produce displacement cm*rent that might create 
polarisation in non-polar materials, molecular' dipole moments where there are 
positive and negative changes within a molecule (Bro 83) or displacements of 
negative and positive ions when present.
The electrical proper'ties of a tissue are defined by its conductivity a  and the relative 
per'mitivity known s as follows;
I c = V  G 
and
(5.16)
The previous equations represent conduction current f  that 
passes for an applied potential V across a unit cube o f  material 
and displacement current Id where Gq is the permittivity o f  free 
space and has a value o f8.854 x lO'^^F.m'K
Moreover, both conduction and displacement currents change with the fr*equency of 
the alternating current, i.e. the conduction current rises only slowly as frequency rises 
and is relatively constant up to lOOkHz. Whereas, displacement current increases with 
frequency until it is equal to the conduction curxent at almost 1 O^Hz and predominates 
as the frequency becomes higher still. The consequent variations of both the 
conduction and displacement curients with frequency in a typical soft tissue were 
shown in Figure 5.4.
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It is meaningful to mention that the biological system is governed by several 
parameters when a cuiTent (7) flows in is due to an alternating potential difference (V) 
with the same flequency as follows:
(aj V=ZI
(b) Z=R+JX
(c) X=llœC  (5.17)
where Z  is the total resistance (impedance) o f  the 
biological system to the current flow, R is the conductive 
resistance, X  is the reactance o f  the material, co is the 
angular ft'equency and C is the capacitance o f the system.
5.5 Electrical Impedance Epigastrography (EIE)
Electrical impedance epigasti'ography (EIE) is defined as a method where the 
information is collected from the gastric area as a form of electrical impedance 
measui-ements at an appropriate sampling rate under various conditions using sui'face 
electrodes. Hence, it is a gastric plethysmography.
As mentioned earlier in Chapter (4) the EIE method is suitable for gastric function 
assessment as well as gastric emptying measuiement. This is very important in testing 
pharmacological drugs. On ingestion, the stomach changes its medium with variable 
total electrical resistance (impedance) within the abdominal region. As a result, 
gastric emptying can be measured when monitoring the abdominal impedance over a 
period of time as well as the power of gastric contractions.
5.5.1 The Epigastrograph (Mark IV  Model)
The present interest is focused on the study of gastric function emptying of different 
types of meals. The measur ement of electrical impedance is considered an expedient 
method to study the behaviour' of the stomach in its different phases; (fasting, filling  
and emptying via monitoring the electrical impedance within the abdominal region 
when using surface electrodes at a proper sampling rate.
Model Mar'k IV epigastrgraph was designed in 1997 by Prof N. M. Spyrou (Chairman 
o f the Medical Physics group at the University o f Surrey) with other collaborators and 
built by the Medical Electronics Unit of St. Georges’ Hospital, London. This
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developed model comprises (Figm*e 5.5); battery power operation (9V orthogonal) 
comiecting by optical fibres to the epigastrograph instrument, is light and completely 
portable. The model consists of two units; the computer-interphase unit and the 
patient-interphase unit.
The computer-interphase is simply a light box (<0.5kg) of dimensions 
15.0cmxg.0cmx5.0cm with flashing indicators to confirm proper function. The 
patient-interphase unit is also a light, small box of 19.5cmx9.5cmx4.0cm, thi'ee pairs 
of electrodes (connected to the subject's skin surface anteriorly and posteriorly) with 
the possibility of applying the cuiTent to any pair and measui'ing the generated 
potentiall difference by the other two pairs (multiplexed system). Hence, the region of 
interest can be studied by six sets of data.
The epigastrograph (Mark IV  model) generates an alternating field of 32 kHz 
fiequency supplying an ac current which, can be varied in intensity fi'om l-4mA. The 
sampling rate is either 5 or 1 Hz. The processing of the epigastiogi aph data is cairied 
out by specific software (based on Lab-View and the data are displayed graphically 
in two windows; window~A; presenting the data o f  the last minute o f  recording, and 
window-B; variable selection o f time length). The data can be recorded on Excel 
spreadsheet for further interpretation.
5.5.2 The Epigastraph (Model M ark TV) Performance Characteristics
The model’s performance depends on a reference built-in resistance of 20fl. Wlien the 
system starts operating, an automatic self-calibration measures the battery’s voltage 
followed by measuring the source voltage (V^ to be applied as it switches cuiTent 
soui'ce and amplifier to reference resistors (RJ. Moreover, the measuied source 
voltage Vs is to be applied to one pair of the electi'odes that are connected to the 
subject’s skin whilst it switches on the amplifier to the other pairs of electrodes to 
determine the induced voltage difference across the subject (Vq). The sampling rate of 
this epigastrograph is usually 5 Hz, so the previous stage is being repeated 5 times per 
second and all the pairs of electrodes can be employed as injecting current electrodes 
(Gio 00).
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(a)
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/  electricity
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placement for 
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a
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Figure 5.5 Model Mark IV epigastrograph; a) A diagram of it’s components and b) A 
simplified sketch of it’s electronic circuit.
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As a result, the software developed computes the impedance Zq under investigation 
according to Ohm’s law (Equation 5.17a) as follows:
(5.18)
5.5.3 The Epigastraph (Model Mark IV) Configuration
Applying a current between two electrodes and measuring the potential difference 
between them is considered to be the most effective method of determining the 
impedance of a particular tissue within the body. On the other hand, using a bipolar 
circuit may cause imprecision in the impedance reading as a result of the interference 
in measurement of both tissue of interest and skin-electrode contact impedance at the 
same time. Hence, a tetrapolar circuit is recommended as it reduces the significance 
of the impedance between the skin and the electrodes (see Figure 5.6).
I RAAA
RAAA(a)
I. input current.
Z: unknown resistance.
V: measured voltage.
R: skin/electrode resistance. 
V= IZ + IR + IR
AA/^-W ^
R: skin/injection electrode 
resistance.
R' : skin/voltage sensing electrode 
resistance.
V= IZ since no current flows through.
Figure 5.6 The different electrical circuits between the epigastrograph and the 
abdomen of the body; a) Two-terminal configuration “bipolar” and 
b) Four-terminal configuration “tetrapolar”.
Impedance measurements across the human abdomen were made using Ag/AgCl 
electrodes (self-adhesive ones) which improve the stability of the impedance 
measurement since any disturbance to the double layer at the skin-electrode 
interference, usually caused by movement of the electrodes, appears as an artefact 
superimposed on the desired impedance change. 16mm diameter electrodes were 
chosen with the adhesive part’s diameter is about 56mm. Prior to operating the 
epigastrograph, the injecting and measuring electrodes should be close to each other
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as the changes may occur in the field would be more significant and easily detectable 
and deteriorate dramatically with distance from the injecting point (Fen 92). In the 
experimental work the wet pre-gelled disposable electrodes were used (manufactured 
by Ni ko, were the “pregelled ECG, Ag/AgCl, 4060” type).
5.5.4 Anatomical position o f the Electrodes
The placement of the electrodes on the stomach was most recently confirmed, again, 
based on anatomical information by Giouvanoudi 2000, where the placement of 
electrodes was validated by gamma camera images (see Figure 5.7). The three sets of 
electrodes were placed in a triangle shape over the upper left abdominal region 
anteriorly and in equivalent position posteriorly.
(a) Xiphystem umI Xiphoid Process
Hepatic flexure 
of colon
3 sets of electrodes
Costal margin
Transverse 
colon
Descending 
colon
Sigmoid
colon
Rectum
Umbilicus
Ascending___
colon
Caecum 
Vermiform, 
appendix f^ ' ,
1
Figure 5.7 The placement of the electrodes on the stomach anteriorly based on; a) the anatomical 
surface, b) the gamma camera image (N.B. f  Co-57 pen source marker pointed towards the 
xiphoid process and jl. Co-57 pen source marker pointed towards the electrodes).
The first electrode is placed adjacent to and below the transpyloric plane (which is an 
imaginary horizontal line passing through the pyloric region o f the stomach and has 
surface markings defined as half way between the xiphisternum and the uppermost 
part o f  the ileum o f the pelvis) on the left of the midline at a distance one quarter of 
that between the xiphisternum and the umbilicus (XU/4). The second electrode is 
placed twice as far from the midline above the transpyloric plane by a twelfth of the 
distance XU (XU/12). The third electrode lies midway between the others. Posterior 
electrodes are equivalently placed in the same manner (Figure 5.8).
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3 pairs of  ^
electrodes
Figure 5.8 Placement of the 3 pairs of electrodes on the subject’s body, (a) anterior view, 
(b) posterior view.
5.5.5 Data Processing
As mentioned previously the Model Mark IV epigastrgraph is considered to be an 
useful tool used for studying the behaviour of the stomach dynamically in its different 
phases; (fasting or “pre-prandial”, filling or “ingestion” and emptying or “post­
prandial ” phase) by monitoring the electrical impedance within the abdominal region 
when using surface electrodes at a sampling rate of 5 Hz.
The shape of the output of the epigastrograph varies depending on the conductivity of 
the meal. The different types of meals with regards to conductivity were as follows 
(see Figure 5.9); neutral meal where o ~ 5.5 mS/cm where it is hard to detect the 
filling phase as the meal conductivity is similar to the conductivity of the stomach 
(N.B the overall abdominal conductivity over the stomach’s region is 5.5±1.0 mS/cm 
at 37®C -  shown experimentally by Giouvanoudi 2000). As the ingestion phase ends, 
the impedance decreases till a post-prandial base line is established. Conductive meal 
is o > 8.5 mS/cm where the impedance deflection starts decreaseing with the ingestion 
phase and the lowest point coincides with the last portion of the meal ingested 
whereas the non-conductive meal has a a  < 2.0 mS/cm and the impedance deflection 
increases with the ingestion phase until the highest value and then starts to decline 
until it reaches the post-prandial base line with the emptying phase.
UniS
83
Chapter (5) Physical properties o f electrical impedance
in.u b a s e l i n e
34 5
Neutral meal
t a lk in g
aneiaci
33,5
32.5
m e a l  in g e s t m n
1 :
SCO 1000 150C 2000 2500 3000 3500 4000 450C
11200
m e a l  in g e s t io n11150
11100
^  11050e
r 11000 t a s t in g
b a s e l in e10950§.
Ê  10900 Conductive meal
10850
10800
0 500 1000 1500 2000 2500 3000 3500 4000
42.5 .
, ta s t ing  
4^5 I b a se  I iIK Non-conductive meal
40.5 post-prand ia l
b a se l in eciI
E
39.5
37 5
36.5
m ea l  in g e s t io n
35.5
0 500 1000 1500 2000 2500 3000 3500 4000
(c) Time (s)
Figure 5.9 Variation of the impedance deflection over time with a) neutral 
meal, b) conductive meal and c) non-conductive meal (modified 
from Gio 00).
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5.5.6 Data Analysis
In principle, a high definition for gastric emptying is not crucial, provided that the 
system is sensitive overall, because it is the change from empty to full stomach and 
back again which will provide the necessary information. For medical purposes, the 
epigastrograph was designed to evaluate gastric emptying by means of calculating the 
half emptying time (HET or T50). The T50 is defined as the time required for the 
amount of meal to be emptied to half of its maximum value. This parameter can be 
determined either by empirical methods of the raw data or by a mathematical model 
fitting an exponential curve (Figure 5.10).
5.0 10.0 15.0 20.0 25.0 300 350 40.0 450 50.0 K.O 60.0 66.7
Time [Minutes)
i: pre-prandial base line. 
iii; emptying phase.
0.0 5.0 1 0.0 1 5.0 20.0 25.0 30.0 35.0 40.0 45.0 50.0 55.0 60.0 
Time [MriUes]
ii: ingestion phase.
iv." post-prandial base line.
Figure 5.10 Calculation of the half emptying time (T50) for a non-conductive meal using 
a) the empirical model and b) the mathematical model.
Furthermore, different artefacts noticeably affect the measurements of epigastric 
impedance. These artefacts can be either due to physiological movement within the 
subject’s body such as respiration and cardiac motion or due to subject’s movements 
such as coughing, yawning, talking, etc. The thickness of the impedance profiles is 
referred to the breathing artefact where the upper values represent the end of 
inhalation and the lower values represent the end of exhalation, providing an envelope 
for the epigastric impedance (see Figure 5.11). A program written in the Lab-View 
software (Fre 02) can apply mathematical and statistical procedures to act as a filter 
for the breathing frequency by retaining only the lower values of the data without 
losing information and calculating the T50 via the previous mentioned models.
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Figure 5.11 Epigastric impedance profile of a non-conductive meal; a) with breathing artefact 
and b) epigastric impedance only.
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CHAPTER (6)
The Gamma Camera and Its Performance 
6.1 Introduction and Review
6.1.1 Medical Imaging
Nuclear medical imaging is based on detecting nuclear radiation emitted from the 
human body. Monitoring the human organs can be done by in-vitro studies, ^vhich 
involve samples removed from the human body, or alternatively, in-vivo studies 
which can be performed after introducing a radioactive material inside the human 
body to tag a specific biochemical ftmction. Basically, the radioactive material may
emit photons in the foim of y-rays or X-rays, or another possibility would be emitting 
positrons that will aimihilate immediately to form two opposing photons with energy 
of 511 keV each.
Radionuclide imaging methods aie non-invasive and simple to perfoim, and hence 
they have grown significantly in importance bringing about the formation of a 
separate field of medicine known as nuclear medicine. The purpose of radionuclide 
imaging is to obtain a picture of the distribution of a radioactively labelled substance 
within the body after it has been administered to a patient. This is accomplished by 
recording the emissions from the radioactive source distribution, with external 
radiation detectors. The emissions for these applications aie photons in the energy 
range of 80-511 keV. Gamma rays of these energies are sufficiently penetrating in 
body tissues to be detected from deep-lying organs.
Radionuclide administiation into the body involves either elemental or moleculai' 
form. The radiophainiaceutical distributes mostly within the body organs of interest. 
Radiopharmaceuticals are used for imaging, therapy and haematological studies, and 
have both a common and different ideal characteristics for the studies. The common 
ones include availability, cost, ease of prépar ation and biological behavioui', while the 
different requirements are those associated with the radionuclide.
A radiopharmaceutical is composed of a radioactive material labelled to a compound, 
ligand, and the latter possessing definite pharmacological properties. It is sterile and
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free of pyrogen and this is hence an effective tool in clinical diagnosis of hmnan 
disease since it is the only imaging method used to follow up the physiological 
function rather than anatomical specification.
Projecting a y-ray image of the radioactive distribution on to a radiation detector 
comprising a Nal (Tl) crystal was firstly described by Anger in 1953 (Amg 58). In 
spite of the fact that many designs for imaging instruments have been developed since 
then, such as rectilinear* scanners, multicrystal scanners, multicrystal cameras and 
fluorescence scanning, none has matched the Anger gamma camera for stability of 
image quality, detection efficiency and simplicity of use in a clinical environment. 
CiuTently, most of the gamma cameras are connected to a digital computer system. 
This has many advantages. A detailed description of the imaging system used in this 
work and its performance characteristics are described later in this chapter.
6.2 Gamma Camera Performance Characteristics
General Quality Assurance (QA) tests and instrument quality control (QC) for any 
gamma camera are essential in every nuclear medicine department to maintain the 
standard values and ensirr e the consistency and reproducibility of procedures (NEMA 
94 and IAEA 91). It has been an issue of importance for the National Electrical 
Manufacturers Association (NEMA) and its Diagnostic and Therapy Systems 
Division. Manufactur*ers of nuclear medicine equipment are represented via NEMA 
who formulate and agree on standards that all manufacturers must follow and each 
camera must meet these standards before it departs the factory. The manufacturer's 
NEMA specifications for the Toshiba GCA-7200A, dual headed gamma camera used 
for the gastric emptying studies involved in this project are listed in Table 6.1.
The gamma camera performance for the planar* measur*ement and analysis can be 
determined by several tests including (IAEA 91 and Wad 95); spatial and energy 
resolution, non-uniformity, spatial linear*ity, count rate performance, plane sensitivity, 
shield penetration. The imiformity and resolution results for ^^Tc”' presented will be 
discussed in this chapter*.
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Table 6.1 NEMA and Manufacturer specifications for the Toshiba GCA-7200A (TOS 
95). fCFOV: Central f ie ld  o f  view, fUFOV: Useful f ie ld  o f  view. *FWHM: Full width at 
half maximum and **FWTM: Full width at tenth maximum.
Parameter NEMA Manufacturer
Intrinsic Spatial Resolution CFOVt UFOVt CFOV UFOV
FWHM* 3.5mm 3.7mm 3.5mm 3.6mm
FWTM** 7.0mm 7.3mm 6.7mm 6.9mm
System Spatial Resolution
0cm without scatter
FWHM X  and y 4.2 X  and y 4.0
FWTM X  and y 8.2 X and y 8.0
5cm without scatter
FWHM X  and y <5.7 X  and y 5.6
FWTM X  and y <11.0 X and y 10.5
5cm with scatter X  and y <6.2
FWHM
FWTM
X  andy<12.5 X and y 5.8 
X  and y 11.5
10cm without scatter 
FWHM  
FWTM
X  and y <7.7 
X  andy <15.0 X  and y 7.4 
X  and y  13.3
10cm with scatter 
FWHM  
FWTM
X  and y <8.4 
X  and y <18.0 X and y 7.6 
X  and y  16.1
Intrinsic Energy Resolution <10.0% 9.9%
Intrinsic Uniformity
Integral <3.3 <7.0 2.2 2.8
Differential <3.0 <5.0 1.5 1.6
System uniformity
Integral <3.5 <7.0 3.2 4.8
Differential <3.0 <5.0 2.0 2.6
Intrinsic Spatial Linearity
Absolute < 1.0mm <1.5mm 0.27 1.26
Differential <0.2mm <0.3mm 0.07 0.16
Count Rate Performance
Maximum count rate 230 kcps 260 kcps
System Sensitivity 4.6 cpm/kBq 4.5 cpm/kBq
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6.2.1 System Sensitivity
System sensitivity is defined as the count rate detected by the gamma camera for a 
plane source of known radioactivity and a specified geometry. It depends on the 
radionuclide, energy window, collimator and source-detector geometry applied and is 
expressed in counts/sec/MBq source activity.
The experiment was carried out using an 11 cm diameter, thin walled disc filled with 
70 MBq (1.9mCi) of ^^ Tc"". The container was placed on a low energy, high 
resolution, parallel hole collimator that was mounted on the gamma camera (see 
Figure 6.1). A 20% PHA window centred on ‘^ ^Tc"' peak was set. The time to 
accumulate 10  ^ counts was collected within 25 seconds; count rate of -4x10^ cps. 
Thus, the system sensitivity for the dual headed cameras A and B are 4.5 (±0.03) and
4.5 (±0.02) cpm/kBq respectively which are within the NEMA specification.
Thin walled disc source
X  \ / /
LEHR parallel 
hole collimator
Figure 6.1 In system sensitivity experiment, an 11cm diameter of 
thin walled disc filled with 70MBq was placed on the 
gamma camera.
6.2.2 Count rate performance
In the Anger camera, the count rate performance describes the non-linearity 
relationship between the count rate and the intensity of incident photons, as well as 
the high-count rates that result in the spatial displacement in the image.
At low source activities, there is a linear relationship between the count rate recorded 
by a gamma camera and the expected count rate. Commonly, with many radiation 
detector systems, the gamma camera expresses paralisable behaviour at high count 
rates, introducing a loss of recorded counts due to a finite dead time immediately after 
each event which is associated with the detector signal processing circuitry. During
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this period, the camera is impassive to further incoming events, despite these in turn 
lead to additional dead time within the system. The gamma camera dead time 
expresses the data loss due to high count-rates (MDA 96).
In static imaging, data loss at higher counting rates are of little concern. Nevertheless, 
for a specific high-count rate investigation (e.g. first-pass cardiac study), this 
behaviour is significant as a count rate loss may affect the integrity of the quantitative 
data acquired. In addition, the patient will be subjected to unnecessary irradiation that 
is ineffective for the information collected.
Extrinsic count rate performance in terms of dead time and the count rate analogous to 
20% count rate loss were obtained on the Toshiba GCA-7200A dual headed gamma 
camera applying the two source method (Kno 00). The phantom used in the extrinsic 
count rate performance experiment is made of Perspex and the outer cylinder was 
filled with water to compensate for a scattering medium (see Figure 6.2).
In this experiment, the phantom was positioned centrally on a special support against 
the surface of the collimator. Two test tubes (a & b) each of 1 ISMBq (~3.2mCi) ^^Tc"’ 
in a volume of 5ml were used (Owu 95 and Bal 86). The energy window was set at 
126 to 154 keV (i.e. ~ equal to ±10% window o f  140 keV).
8 cm
20 cm
6 cm
Figure 6.2 The phantom used in the extrinsic count rate
performance experiment.
The experiment was performed according to the following steps:
1) Test tube (a) was placed in the phantom and the time for 10  ^counts was acquired.
2) Test tube (b) was placed in the phantom and the total counts for the two sources 
collected for the same time was acquired.
3) Tube (a) was removed and the count recorded for the same time with tube (b) was 
registered.
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4) The previous steps were repeated in the reverse order.
5) Both sources were removed and the counts were collected for the same time in 
order to account for background.
After backgroimd correction, the object of the analysis was achieved by calculating 
the pulse-pair resolving time ‘t’ in seconds as follows (Kno 00):
T = (2Rab) /  (R a +  Rb) X ln((Ra+ Rb) /  Rab) (6.1)
where R a, Rb are the net count rates o f  the two sources 
separately and Rat is the net count rate o f  the two sources 
together, all in _ counts/seconds. Average pulse-pair 
resolving time ‘ t  ' was obtained both extrinsically and 
intrinsically from the two different procedure's order.
The true count rate for a 20% count loss ’R2o%’ is calculated (Kno 00) by 
R20%=(1/ % )X ln(10 /8) 
i.e. R2o%= 0.2331 / x (6.2)
and the observed count rate for a 20% count loss, C2o% is calculated (Kno 00) by 
C2o% = 0.8 R2o% (6.3)
Ultimately, it can be seen that the measuied average pulse-pair resolving time, x =
6.01 ± 0.02 ps and the true count rate, R2o% = 294 ± 0.3 kcounts/sec for the two 
cameras heads, whereas the obsei'ved count rate, C2o% was 240 ± 0.2 kcounts/sec for 
camera A and 241 ±0.1 kcounts/sec for camera B.
Hence, in the clinical and experimental use of that gamma camera, the maximum 
permissible count rate that can be achieved from the dual detector camera system 
(camera A and B) at 20% dead time are 240 and 241 kcounts/sec respectively.
6.2.3 Spatial resolution
The spatial resolution may be considered as the ability of the gamma camera to 
resolve the fine detail present within a structuied radioactive somce (Cho 93). 
Clinically, this describes the detail with which tracer uptake by physiological or 
pathological processes may be detected.
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The spatial resolution is quantified in terms of the full width at half maximum 
(FWHM) and full width at tenth maximum (FWTM) of the point or line spread 
function. The resolution R of scintillation imaging is generally measured by the 
intrinsic resolution of the camera Ri and the resolution of the collimator Rg. The net 
resolution may be achieved from a quadr ature addition of these two factors (Cho 93):
R^=Ri^ + R,^ (6.4)
Fundamentally, intrinsic spatial resolution is defined as the spatial resolution of the 
detector assembly alone. Intrinsic resolution is a product of the essential design 
featirres of the gamma camera. Extrinsic (or system) resolution describes the spatial 
resolution of the total detector system and a specified collimator. It is determined in 
the presence of scattering medium, which is represented as a characteristic of the 
clinical performance of the scintillation gamma camera. Both intrinsic and extrinsic 
spatial resolutions can be determined quantitatively by measurement of the width of a 
profile thr ough the image of a thin line sorrr ce, taken perpendicular' to its axis in order 
to determine the FWHM.
6.2.3.11ntrinsic spatial resolution
The intrinsic spatial resolution expresses the capability of the scintillation gamma 
camera to pinpoint the position at which the incoming event interacts with the 
scintillation crystal. In spite the total number of PMTs affects on the intrinsic 
resolution; better intrinsic resolution may be achieved when increasing number of 
PMTs. Both a multi-bar phantom and a slit phantom were used (see Figure 6.3) and it 
can be noticed that the intrinsic image of the multi-bar phantom resolves all the 
different bars.
NEMA tests objects provided by Toshiba were used for the measurement of this 
parameter. They include a lead mask to mask the field of view (FOV). An 80MBq 
soru'ce of Tc-99rn was positioned 2050mm from each head in turn and 2 million 
counts acquired. Data was analysed using the NEMA softwar'e provided by Toshiba 
and the pixel size calculated in this experiment was of approximately 0.5mm.
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1
Figure 6.3 The intrinsic images of (a) the multi-bar phantom and (b) the multiple slit 
phantom.
In Table 6.2, values quoted are FWHM and FWTM in mm as well as NEMA 
specification and manufacturer values are listed as follows:
Table 6.2 Results values for the intrinsic spatial resolution experiment as well as NEMA 
specification and manufacturer values.
Camera
type
UFOV CFOV
FWHM (mm) FWTM (mm) FWHM (mm) FWTM (mm)
NEMA 3.7 7.3 3.5 7.0
Manufacturer 3.6 6.9 3.5 6.7
Camera A 3.6 (±0.23) 6.8 (±0.35) 3.5 (±0.26) 6.6 (±0.40)
Camera B 3.6 (±0.27) 6.8 (±0.42) 3.5 (±0.29) 6.6 (±0.41)
6.2.3 2 Extrinsic spatial resolution
The extrinsic spatial resolution may be quantified by the full width at half maximum 
(FWHM) and the full width at tenth maximum (FWTM) of the point or line spread 
functions (PSF, LSF).
The system resolution of the Toshiba GCA-7200 gamma camera was determined 
using a low energy general purpose (LEGP) collimator, as this type is used for the 
gastric emptying studies. In order to achieve the purpose of this experiment, two line 
sources of 1.1mm internal diameter were placed 50mm apart on cardboard backing. 
Each was filled with 37MBq (ImCi) ^^Tc"'. Digital images of the two line sources 
were acquired using 128 x 128 matrix size. They were imaged on the camera face
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(0mm), at 50mm and 100mm (typical depth o f  organs inside the body) away from the 
gamma camera face without a tissue equivalent scattering material in place.
The next set of measurements was performed with 40mm and 80mm thick scattering 
material (Perspex; a soft tissue analogous medium) in place, which is approximately 
equivalent to 50mm and 100mm tissue respectively. A profile of five pixels width was 
presented across each image to get the LSF. The line-spread function may be 
considered to have a Gaussian central part and two lateral exponential tails (Kno 00) 
(see Figure 6.4). Each LSF obtained from the experiment for both cameras (A and B) 
was fitted to calculate the FWHM and each tail of the LSF was fitted with an 
exponential to calculate the FWTM.
Relcitive number of counts
Witb collimator \ v ,  , and scattering\ \* y  mnterial
Crystai o n ly  - ■"no co llim a torF W H M
FWTM U h T
Figure 6.4 Spatial resolution of the scintillation gamma camera, (reprod from  
Ear 95 and Far 98).
The FWHM and FWTM of the line-spread functions were calculated and the fitting of 
the line-spread âmction was applied by a FORTRAN program (Awd 90). The results 
o f ’'’Tc™ are listed in Table (6.3).
For cameras A and B, The FWHM and the FWTM with the source 100mm away from 
the collimator face are 7.2mm (±0.29) and 13.3nmi (±0.23), 7.3mm(±0.28) and 
13.3mm(±0.23) respectively, (see Figure 6.5a). These values aie similai’ to NEMA 
specification values presented in Table 6.1. The FWHM and the FWTM aie 7.5mm 
(±0.35) and 15.9mm (±0.28), 7.2mm (±0.38) and 15.2mm (±0.30) correspondingly in
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camera A and B, when 100mm perspex is placed between the source and the 
collimator, (see Figure 6.5b). Again, the FWHM and FWTM using LEGP collimator 
are similar to NEMA specifications.
Table 6.3 Results values for the extrinsic spatial resolution experiment using Tc
* System Spatial 
1 Resolution
Camera A Camera B
X (mm) Y (mm) X (mm) V (mm)
\ 0cm without scatter
1 FWHM 3.9 (±0.09) 3.7 (±0.1) 4.0 (±0.08) 3.9 (±0.1)
; FWTM 7.5 (±0.01) 6.9 (±0.03) 8.0 (±0.07) 7.9 (±0.04)
5cm without scatter
FWHM 5.5 (±0.1) 5.1 (±0.1) 5.6 (±0.13) 5.4 (±0.1)
FWTM 10.0 (±0.08) 9.0 (±0.08) 10.2 (±0.08) 10.2 (±0.09)
5cm with scatter
FWHM 5.8 (±0.2) 5.3 (±0.18) 5.6 (±0.23) 5.6 (±0.2)
FWTM 11.1(±0.17) 10.8 (±0.2) 11.1(±0.18) 10.9 (±0.2)
10cm without scatter
FWHM 7.2 (±0.29) 7.0 (±0.25) 7.3 (±0.28) 7.4 (±0.25)
FWTM 13.3 (±0.23) 12.7(±0.21) 13.3 (±0.23) 13.1 (±0.21)
10cm with scatter
FWHM 7.5 (±0.35) 7.1 (±0.34) 7.2 (±0.38) 7.1 (±0.34)
FWTM 15.9 (±0.28) 14.8 (±0.27) 15.2 (±0.3) 15.1 (±0.29)
6.2.4 Flood uniformity
Flood field uniformity can be described as the parameter of a scintillation camera’s 
capability to introduce a uniform count density image. Gamma camera non-uniformity 
may also defined as the magnitude of count density variations recorded over the 
detector field of view, when subject to a uniform flux of gamma events (Web 96).
The system flood field uniformity should be considered as an essential parameter that 
must be evaluated and tested daily. It reflects the performance of a gamma camera in 
clinical use. A non-uniform area may be visualized as a “hot” spot or a ’’cold” spot. 
These areas may be perceived as discrete areas approximately the size of the 
photomultiplier tube (PMT) coupled to that area of the crystal. In clinical practice, any 
of these non-uniformities may result in misinterpretation of the different diagnoses, as 
“cold” areas, for example, could be read as tumors in the liver while “hot” areas could
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be read as brain tumors. In addition, different system defaults can be detected by this 
technique such as a cracked crystal, defective collimator or CRT and/or a poorly or 
even non-functioning PMT.
The basic principle is to display the image showing only ±2 standard deviations over 
the entire gray scale (Sim 88). The image uniformity expresses integral uniformity, lU 
(a maximum deviation between count density in the field o f  view) and differential 
unifoimity, DU (a maximum change o f  counts over a range o f any 5 pixels in all rows 
and in all columns) for both useful field of view, UFOV (a circular area that includes 
all the collimated field  o f  view) and the centre field of view, CFOV (a concentric 
region o f interest with radius equal to 75% o f the diameter o f  the UFOV), according 
to the following fonnulae (Ear 95):
C ~ C  .Integral imiformity (lU) = ± 100 x (7.5)
t^nax ^min
Where C,„ax cmd Cmu, are the maximum and minimum pixel 
counts respectively.
and Differential uniformity (DU)=
±100 (lai'gest slice deviation (Hi-Lo) / Hi-Lo) (7.6)
where Hi is the higher values o f  the two pixels and Lo is the 
lower.
The percentage theoretical standard deviation (%TSD) and percentage measured 
standard deviation (%MSD) are statistical parameters obtained for specific areas as 
CFOV and UFOV and they can be measuied as follows:
%TSD = X 100 (7.7)mean.countcn%MSD = ----- —   X 100 (7.8)mean.count
and SD =
where xj (I-1, 2,..., n) denote the value o f  the I  
measurement, n is the total number o f  pixels and x is the 
mean count per pixel.
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Intrinsic (un-collimated) uniformity and extrinsic uniformity techniques can be used 
to obtain the images. Intrinsic uniformity was measured using a 15MBq (~0.4mCi) 
point source of positioned 2050mm away from the camera face whereas the 
system uniformity was being evaluated with a Co-57 solid flood source and assessed 
using the NEMA program on the TOSHIBA software (Figure 6.6). All images were 
acquired for 16 million counts.
Figure 6.6 System uniformity image obtained using a Co-57 solid flood source.
The values for the previous mentioned parameters were calculated and are shown in 
the following Table (6.4):
Table 6.4 Intrinsic and extrinsic Flood Field Uniformity for 99rr_m
P a ra m e te r C am era  A C am era  B
CFOV UFOV CFOV UFOV
Intrinsic Uniformity
Integral 3.0 3.7 3.2 4.5
Differential 1.9 1.9 1.9 1.9
%TSD 1.52 1.52 1.52 1.52
%MSD 2.12 2.13 2.13 2.13
System uniformity
Integral 3.2 4.4 2.6 3.9
Differential 2.1 2.7 2.1 2.4
%TSD 1.65 1.63 1.65 1.64
%MSD 2.39 2.42 2.4 2.42
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CHAPTER (7) 
Variations In Gastric Emptying Times Of The Stomach and its Three Regions 
For Simple and Complex Meals Using Simultaneous 
EIE and Scintigraphy
7.1 Introduction
The gamma camera was first used for gastric emptying measurements by Harvey and 
his colleagues in 1970. Data can be acquired continuously and hence rapid changes in 
the counts within the region of interest can be detected. The subject can ingest the 
meal in front of the camera so that the emptying that occur s during ingestion can be 
determined. Radionuclide methods are being used increasingly to study the gastric 
emptying of both solid and liquid components of a meal and by these means some 
disorders of gastric emptying and of the distr ibution of solid and liquid components of 
a meal within the stomach have been shown. At present, the processing of the gastric 
emptying tests varies considerably between centres. These differences lead to 
discrepancies in results between groups of resear*chers.
The processing of gastric emptying data in the clinical field is curTently considered 
insufficient in providing information about the behaviour of the different regions of 
the stomach (Ear 95). The alternative is to establish a new method of processing and 
analysis that physiologically provides more detailed information regarding the regions 
of the stomach and technically to be simpler and more time saving.
As mentioned earlier in Chapter 4 most gastric emptying measurement studies were 
canied out using either liquid (Ber 83, Col 83, Doo 88 and Hou 90) or solid (Hoi 82, 
Gri 77, Bin 78, Car 78, Car* 89, Coo 72 and Fei 99) or even a combined solid-liquid 
meal (Chr* 81, Cor 82, Doz 71, Hea 76, Hin 77 and Hin 83) but none had studied the 
effect of a semi-solid {it can be also called a semi-liquid) meal on gastric emptying 
behaviom*, as well as gastric secretion. Despite expert evaluation and after thorough 
reviews and discussions (Cam 98, Rea 89 and Bar 78), scintigraphic tests quantifying
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the pai'ameters of gastric emptying behaviour have not been developed. These 
scintigraphic studies were interested in dividing the stomach into proximal and distal 
pai*ts (Col 83, Col 91, Chi' 81, Doz 71, Ela 82, Hai' 70, Hor 82 and Hor 89) (see 
Chapter 3) however, from the reseai'chers’ interest, neither do these studies detect 
normality and abnormality within the stomach’s tlnee anatomical regions {i.e. fundus, 
body and antrum) (Gro 58) nor do values obtained define the behavioui* of three 
regions for the different types of meals.
Therefore, validation of scintigraphic data analysis was imder'taken using the new 
technique proposed in this thesis of defining the stomach’s thi'ee regions of interest 
(fundus, body and antrum) in order to extract more information for the same region of 
interest, defined for both anterior and posterior images. A direct comparison with the 
standai'd clinical protocol which is followed by several clinical and research 
institutions was applied.
This new method allows investigation and assessment as to whether emptying times in 
different stomach par*ts vary significantly witli meal composition and energy content 
(explained later in Chapters 7 and 8).
A series of gastric emptying studies were carried out using EIE and scintigraphic 
teclmiques simultaneously. They can be divided into gastric emptying studies using 
different calorific meals (studies were done in the Medical Physics Department at the 
Royal Surrey County Hospital) (Chapter 7) and gastric emptying measiu'ements using 
various calorific meals with phai*macological gastric secretion blocker agent (studies 
were carried out in the Nuclear Medicine Department at Kuwait Cancer Control 
Centi'e) in normal volunteer subjects (Chapter 8).
The scintigraphic work in this chapter is divided into two main sections; validation of 
the new processing method and protocol (sections 7.6 -  7.7) and interpretation of data 
analysis results (sections 7.8 -  7.9).
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7.2 Materials and Methods
7.2.1 Subject selection and preparation
A  gastric emptying imaging procedure was perfoimed in the Medical Physics 
Department at the Royal SuiTey County Hospital (RSCH). The proposed study had 
been approved by the Ethics Committee of the Royal Surrey County Hospital to assess 
the investigation of the physiological mechanisms inducing the different regions of the 
stomach in response to test meals controlled in total energy, carbohydrate, fat content 
and other nutrients. Eight nornial subjects (6 males and 2 females, aged over 45 years 
old and BMK 25 kg/m2) underwent simultaneous electrical impedance 
epigastrogiaphy (EIE) and scintigraphy, each subject undergoing three studies on 
separate occasions. All were non-smokers as liquid emptying has been reported to be 
delayed by cigarette smoking (Sco 93) and a study done by Muller-Lissner (1986) 
showed that acute cigarette smoking results in both solid and liquid emptying delay. 
None of the subjects was taking anti-cholinergic drugs or had previous gastric history. 
The subjects enrolled were advised to avoid vigorous exercise, alcohol, caffeine and 
fatty meals on the day before the study. Furthermore, they were instructed to fast for at 
least 6 hoiu's prior to the study.
7.2.2 Test Meal Properties
Meal selection in human gastrointestinal tract investigations vary depending on the 
purpose of study and type of teclniique chosen. Meal size and composition should be 
standardized in any gastric emptying method. In the past few decades, the scientists 
tried through different researches in gastric function and emptying studies to use 
different methods to establish proper test meals that can fulfil the physical and 
chemical properties which initiate the stomach’s response and stimulate the 
physiological conditions of gastric behaviom* in filling, digesting and emptying meals 
(Man 87, Fon 91, Hor 86, Mad 85, Ber 96, Lob 02). Also, the meal should be 
appetizing, as the cephalic phase may be an important factor in the gastric motor 
response, and ideally be representative of an ordinary meal. It is easier to measure the 
emptying of liquid meals, but the emptying of solids and semi-solid meals are the true 
reflection of what happens thr oughout the stomach during normal life.
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Moreover, other reseai'ches have undertaken to institute suitable meals that can be used 
for combined techniques processed simultaneously (Hou 87, Mai 92 and Gio 00). In 
the case of measuring gastric function and emptying using electrical impedance 
epigastrography (EIE) and scintigraphic techniques simultaneously, the information 
that can be foimd in the literature is poor. In this respect, the interest is focused on 
investigating a potent test meal that should be physically and chemically 
heterogeneously composed of both liquid and solid compounds vis-à-vis the different 
types of nutrients in their different states such as protein, fat or carbohydrates.
In general, for gastric emptying studies the most suitable type of meal used for 
scintigraphic teclmiques is solid compound (Col 88), whereas liquid meals are more 
preferable for the EIE technique (Lon 98). Therefore, to compensate for this, using 
meals with specific ingredients such as liquids and semi-solids were adapted when 
both techniques were used conciuTently (Gio 00). The non-nutrient meal was glucose 
10% solution as it emerged that simple, water-based liquid meal of high specific 
impedance gave adequate epigastric impedance deflections during gastric filling. On 
the other hand, increasing the nutrient substances gradually (e.g. fat, protein or 
carbohydrate contents) will increase the complexity of the meals which can then be 
considered as semi-solid ones.
Major additional properties which need to be considered in EIE are conductivity and 
osmolarity. In addition, meals can be either conductive or non-conductive relative to 
the soft tissue conductivity in the region of interest (i.e. abdomen/stomach). In EIE, a 
meal is considered as non-conductive for o<2.0 mS/cm, conductive for a  >8.5 mS/cm 
and neutral when conductivity is about 5.5 mS/cm at 37“C. As a result, liquid and 
semi-solid meals were prefened since they empty relatively rapidly compared to solid 
meals which reduces the burden of lying immobile to a minimmn.
The decision of the semi-solid test meals with different composition and calorific 
contents was taken in order to investigate the behaviour of the stomach’s tri-regions 
with regai'ds to meal complexity. The composition of the test meals was as follows; 
10% glucose solution (179kcal) and milkshakes (Ml and M3 meals) that vai'y in fat
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energy from 11% - 60% while the absolute CHO weight and energy remain constant 
(see Table 7.1). The ingredients of these milkshakes were as follows: maltodextrin 
which is considered as a simple polysaccharide, double cream as a saturated fat, 
Nesquick flavour as a flavouring and sweetener and last but not least water. In 
addition, the meal volume was standardised at 450mL as it results in a significant 
impedance deflection in normal sized subjects (Fen 92). The conductivity of the meals 
varies slightly but remains in the non-conductive region with respect to the soft tissue 
and fasting stomach conductivity (Gio 00).
Table 7.1 Simple and complex meals of different calorific value and fat composition 
(450mL volume) (Gio 00).
Ir^redients
Meal type
/
Composition
Glucose 10% 
Solution .
Milkshake
w/Æ.w/Æjrjr/Æ‘jyw/Ær/Æ/jr/M^/.Milkshake
Type of Sugar (g) 
Glucose/ 
Maltodextrin
Wt > En
(g) * (kcal)7 dT ^  t . - ^ Æ ^ rf ^  Æ A ^  M w ^  Æ à45 ; 180
i
50 : 200I
50 200
Double i. Flavouring
Cream *
is) %fat \ (S) ^
Wt \  En Wt En
' Î ' ; ' : ' .
8 I 35 I 20 ; 80
92 ; 408  ^ 20  ^ 80 ‘
Physico-Chemical projterties 
\ Osmolarity J ConductivityMeal type
Glucose 10% 
Solution
Total
Energy |  | J
(kcal) i mosmol/L Jl (mS/cm) # 
180 j 126 * 0.35 ±0.02
pH
Milkshake (M l)tm m'mw/w^mw/mw/jr m/m m “//ma
Milkshake (M3)tM^/M/M/M/M/M/M/M^M ..•*'M/M-M/M/A
/^ .'M/M,M.P'MaMM/M/M /■ MMM/M/M^:^ \  > 6.27/ / /
315 * 258 j  0.45 ±0.02 * 5.37
688 I 323 f 0.70 ±0.02 • 4.90
7.2.3 The decision fo r  radionuclide m aterial
For the measurement of gastric emptying, radionuclide markers are incorporated into 
liquid, solid, or mixed solid and liquid meals. The ideal radiopharmaceuitical should 
be inexpensive, non-toxic, non-absorbable, homogeneously distributed within the 
meal, tightly bound and have suitable imaging characteristics for gamma camera 
imaging (Chr 83 and Hor 82).
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All measurements of gastric emptying using external imaging assume that the 
emptying of the radionuclide represents the emptying of the test meal. If a liquid or 
semi-solid meal is being studied then a chelate of 99Tcm- or 113mln- with diethylene- 
tri-amine-penta-acetic acid (DTPA) is a suitable label which is not absorbed in 
significant amounts and does not become attached to the gastric mucus or mucosa 
(Hea 71 and Hor 82). It is of coui’se essential that there is no significant amount of free 
pertechnetate in the meal as this will be absorbed in the bowel and excreted by the 
gasti'ic mucosal cells, thereby producing an error in the gastric emptying 
measurements.
Hence, the meals were labelled with non-toxic and homogeneously distributed ^^Tc'"- 
DTPA and administered in small doses of 7 MBq per meal. The whole body radiation 
bui'den is less than that of a single abdominal X-ray {whole body ~1.2‘><10'^ Gy) (Ear* 
95). These tests are therefore usually acceptable for single or sequential studies with 
minimal hazard when studying normal individuals (Hor 82, Chi* 83). In-vitro tests 
caiTied out in the Medical Physics Depai*tment at Royal Sui’rey County Hospital 
confirmed the stability of labelling within the meals over a period of time.
7.2.4 Gastric Emptying Planar Acquisition
7.2.4.1 Choice of detector system
In our study, gastric emptying measui'ements were perfoi*med using a Toshiba dual 
headed y-camera (GCA-7200A/DI). Imaging for technetium counts (128 X 128 pixel 
matrix size) using the 140 keV photo-peak with a ±10% window was carried for the 
subjects for simultaneous anterior and posterior supine positions, acquiring at 1 minute 
per frame post-prandially using a low energy, general-purpose collimator. The one- 
minute images show clearly the stomach or more accmately the content of the 
stomach, since the radioactive concentration within the image increases progressively 
fr'om the walls to the interior of the stomach and expands during the study. The 
stomach may be recognised by its anatomical shape, and a region of interest can be 
drawn on the computer display, excluding the small intestine. Changes in cormts
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within this region, which reflect the gastric activity, can be monitored at regular 
intervals to produce curves of gastric retention over time (Figures 7.4 and 7.5). The 
total acquisition time was between 90-120 minutes, depending on the meal type and 
emptying rate being recorded by EIE.
The camera dual heads were centred on the stomach with the xiphystemum a third 
way down the image. Scanning commenced just before meal ingestion to determine 
accurately the maximum gastric isotopic content. On the last few frames, a Co-57 pen 
source was used to 'mark’ the position of the costal margin and xiphystemum, in order 
to confirm the correct placement of the electrodes (see Figures 5.7 and 7.1).
Co-57 pen source marker 
pointed towards the 
xiphoid process^''\^^^
A n a to m ica l costa l m argins (right Xiphystemum 
figure) and Co-5 7 pen source |
marker pointed towards the cosiaj ----
Xiphoid
rocess
Stomach
C o-57 pen source marker 
^pointed towards the electrodes
Figure 7.1 A Co-57 pen source was used to 'mark’ the position of the costal margin and 
xiphystemum, in order to confirm the correct placement of the electrodes.
7.2 4.2 Subject position
Since gastric emptying may be affected by both posture and gravity (Gal 80), the 
position of the subject should be standardized. Radionuclide emptying studies have 
been performed with subject standing (Chr 80 & 83), supine (Hea 76 and Mai 82) and 
seated either upright (She 80), or at an angle (Smo 87). In medical imaging, posture 
has little effect on liquid emptying but for most post-gastric operations has a very 
important influence (Mck 70).
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The abolition of receptive relaxation by vagotomy and the destruction of the normal 
gastric outlet by pyloroplasty or other sui'gical means allow gravity to play a major 
role in liquid and semi-liquid emptying. Therefore, although in the recumbent position 
there is little alteration in liquid emptying after gastric surgery; in the sitting or 
standing position liquid and semi-liquid emptying is greatly increased.
In our studies, the decision to acquire the supine position was talcen in order to 
accommodate both dual headed scintigraphic and EIE techniques simultaneously as 
well as to prevent the detection of supplementaiy activity from the overlapped upper 
intestine in the radionuclide images. The meals were fed to the subjects via a long 
flexible plastic tube after 20 minutes of the stail of the electrical impedance recording, 
which is required to establish pre-prandial baseline traces. The gamma camera began 
acquisition when the radiolabelled meal was being administered.
7.3 Digital Image Representation
Evaluation of medical images is as important as its development and application. Such 
evaluation is difficult in that there are no universally accepted criteria for image 
assessment. Many scientists present their results in hearsay terms showing a few 
striking examples, and it is almost certain that there is no universally optimum 
processing technique that is independent of the imaging modality and the paiticular 
clinical image being processed. In the present work, specific numerical criteria were 
being evaluated in order to quantify the improvements consequent on image data and 
processing quality and time.
7.3.1 Image Display routines
A digital image is a two-dimensional array of numbers. Each number is proportional to 
the number of ganmia rays (photons) detected by the camera in a certain fiame time 
(Gon 92). A digital image can be considered as a matrix whose row and column 
indices identify a pint in the image and the conesponding matrix element value 
identifies the grey level at that point. The elements of such a digital array are called 
image elements or pixels. The value of each pixel represents the intensity of that
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position in the image, and this type of image is known as a sampled image as it 
consists of a discrete grid of samples. The data is represented on a scale ranging 
between 0 and 255 so that it can be stored as bytes. Such images aie a common form 
of representing scientific and medical data at hospitals and reseai ch centres.
7.3.2 Reading the Interactive Data Language (IDL) files
Processing of digital images involves procedures that are usually expressed in 
algorithmic form. In fact, with the exception of image acquisition and display, most 
images processing functions can be implemented in software. The only reason for 
specialised image processing hardware is the need for speed in some applications or to 
overcome some fundamental computer limitations. Thus, The Royal Surrey County 
Hospital (RSCH) data were being processed at SuiTey University using the Interactive 
Data Language (IDL) software program for further facilities and functions (IDL 97).
IDL code is a complete computing environment for interactive analysis and 
visualisation of data. It integrates a powerful, array-oriented language with numerous 
mathematical analyses and graphical display techniques as well as a time saving 
alternative to programming in traditional languages. Hence, the RSCH interfile format 
data files were converted to IDL image files.
Unfortunately, due to a systematic error during the copying of the files at the RSCH 
computer, the stomach’s images were displayed upside down. To compensate for this, 
a program was written using the ROTATE function (Appendix I). The rotate function 
can only rotate an array that has one or two dimensions. This returns the image to its 
original orientation and/or transposed copy of an army (see Figure 7.2). To invert; the 
image a double rotation by 90 degrees (180o total) was employed. The result was an 
image with identical orientation to the initial recorded array.
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Oesophagus
First part
ofduodenum
Antrum
(a)
Fundus
Body
Figure 7.2 Images produced from RSCH data; a) An upside down stomach’s image due 
to systematic error at RSCH computer, b) An image with identical 
orientation to the initial recorded array after a ROTATE function being 
applied.
7.4 Applied Image Processing
7.4.1 Propagation o f Noise in Gastric Emptying Imaging
Background or noise is defined as the unnecessary information, which contributes 
towards the image but doesn’t contribute to knowledge of the signal (Jac 86 and Geo 
91). Image noise can be either random or structured. Random noise is caused by 
random statistical variations in counting rate that determines the image quality. This 
noise is related directly to the information density, i.e. counts per unit area. On the 
other hand, structured noise is caused by the variations of the count rate response
within the object of interest (Sor 87). Radionuclide distribution as well as system
artefacts can also produce structured noise.
A gamma ray arriving at a particular position on the camera crystal may originate from 
activity in the organ of interest, activity in the tissue above or below the organ and/or 
activity outside the field of view due to scattering. In conventional planar images, 
signal to noise ratio is given by the average total counts over the standard deviation 
(SD), i.e. the square root of the total number of counts. For example, in an image of 
100 counts, the signal-to-noise ratio (S/N) will be 10:1. In order to minimise the effect
UniS
109
Chapter (7) Variations in gastric emptying times...
of the contribution to the counts detected from radioactivity in tissue surrounding the 
organ of interest the method of background subtraction is employed. A region of 
interest (ROI) neighbouring the organ is selected (C b) and the counts from that region 
are subtracted from the counts collected from the organ ROI (Co). The two regions 
must either be the same size or a proportionate size correction must be carried out. The 
latter was chosen in our analysis of background subtraction from the stomach ROI and 
its three regions (fundus, body and antrum), depending on the computer facilities 
available (Figure 7.3).
Cs = Cq —C (7.1)
where Cs is the counts in area o f interest after subtraction and Co 
is the counts in area o f interest before subtraction.
C =  ± - x C ,
-4
(7.2)
where Cb is the counts in background ROI, Aq is the number o f  
pixels o f  area o f interest and As is the number o f pixels o f  
background ROI.
Background subtraction was applied for all studies (all stomach regions and all types 
o f meals) prior any further analysis, in order to avoid the effect of the participation to 
the counts detected from radioactivity in the bowel (Figure 7.3).
Oesophagus
Stomach ROI (C o )
First part
of
duodenum
Fundus ROI (C o)  
Body ROI (C o )
Antrum R
(Cb)
"«-(Cm)
(Cb)
•igure 7.3 Method for proportional background correction was made to the stomach 
ROI (and its three regions).
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7.4.2 Radionuclide Gamma Ray Attenuation
As mentioned eaiiier that most radionuclides studies assess a thiee-dimensional 
process in a two-dimensional manner. In contrast, the stomach modifies its shape, 
position and the distribution of its contents, during the emptying process. As a result, 
the relationship between the radiation detected and the quantity of radionuclide in the 
stomach may not be constant and leads to errors pertaining to radionuclide gamma ray 
attenuation. Superimposition of the stomach and small bowel may also prevent an 
absolute separation between emptied and retained meal (Chr 81). Large errors in the 
measurement of gastric emptying may occur if  conection for attenuation is not 
maintained.
After meal consumption, anterior movement of food within the stomach (3-8 cm) 
occui's and is associated with a changing attenuation of the gamma emissions. 
Therefore, a posteriorly positioned camera usually underestimates the rate of emptying 
because of movement away from detector, while an anterior detector will produce an 
overestimate (see Figure 7.4). Christian and his colleagues (1980) explained that the 
average half-emptying time for a 300-g meal was overestimated by 10.3% by anterior 
imaging alone and underestimated by 56.7% when using only posterior imaging.
There are several approaches for coiTecting depth and attenuation. We used opposed 
detectors and geometric mean correction. At each imaging session, anterior and 
posterior counts in the stomach were recorded. Geometric mean correction of gastric 
radioactivity can be used to correct the distribution, depth, and attenuation of the 
radionuclide. The geometric mean is calculated by:
(anterior counts x posterior counts/^^ (7.3)
Generally, when this type of coiTection is not applied, gastric emptying time may 
appear to be slower than its actual value because of the slight anterior motion and 
subsequent increased counting rate of the food mass from the anterior view (Chi* 80).
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Figure 7.4 Gastric emptying of a whole stomach curves for a Glucose 10% meal 
expressed as retention of isotope against time for; ^  geometric mean 
(GM), ■  anterior detector and ^  posterior detector.
7.4.3 Decay Correction
Techniques for providing correction factors in various aspects of gastric studies must 
be applied for appropriate situations. In general, because gastric emptying studies may 
extend over several hours, accurate results may require correction for decay (Hea 76 
and Tot 78). Although short-term studies with Tc-99m might not be improved 
significantly by decay correction, such correction can be important in patients with 
extended emptying times.
Decay correction can be very essential when emptying times fall between normal and 
abnormal ranges. Because most gastric emptying procedures are evaluated on the basis 
of the percent retention of the marker within the stomach, accurate comparison with 
the initial measurement recorded shortly after food ingestion is necessary (Chr 80, Chr 
81 and Hea 76). In our studies, the recorded activity per frame was corrected for the 
physical decay of ^ ^Tc"' prior any further analysis.
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7.5 Data Information
7.5.1 H alf Emptying Time (T50)
Both scintigraphic and epigastrographic techniques were used in this work to study 
gastric emptying. Hence, the aim is to measure the emptying rates in terms of half 
emptying time (T50). T50 can be defined as the time required for a quantity of meal to 
be reduced to half of its maximum value. The data from the electrical impedance 
epigastrography and scintigraphy do allow the measurement of the T50 parameter. 
According to the definition, T50 can be calculated from the raw data for both 
Scintigraphy and EIE techniques using a mathematical model applied to the curve of 
the graph (see Figure 7.5).
In addition, T50 can be calculated via other different methods, such as empirical, 
percentage remaining (% remain), exponential curve, etc. This parameter is familiar in 
clinical routines (Hve 96) and can be used to define the varieties of normality in 
different applications.
30000 Start o f meal /em ptying
Post-prandial phase25000
20000 V
1^  Meal ingestion8 15000
10000
T50=48min 
(i.e. 52min- 4min = 48min
10 20 30 40 50 60 70
Time (min)
Figure 7.5 Representation of T50 measurement using empirical method of 
glucose 10% study for a whole stomach’s ROI of a subject 
applied by a scintigraphic technique.
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7.5.2 Defining The Hri-regionaV Patterns
As mentioned eai'lier that many studies measuiing gastric emptying rates of vaiious 
meals under different conditions have been perfonned in different institutions. 
Comparing those results is difficult as many different techniques ai*e used (Avi 87 and 
McC 85) and it is not obvious whether systematic or random variations occur' as a 
result of the method used. All methods have their specific advantages and drawbacks, 
which, along with operator expertise and availability of different facilities, will 
determine the accur acy of the method a laboratory decided to use.
The assessment of gastric emptying rates by radionuclide labelled test meals has been 
developing over the past decade. Non-invasive scintigraphic studies employ a gamma 
camera, which externally monitors the emptying of radionuclide labelled test meal 
from the stomach. As this method allows almost continuous monitoring, the shape of 
the emptying cm've can be well defined. There have been many approaches to the 
analysis of gastric emptying data and results have been expressed in a general way. 
Those studies focused either on the whole region of the stomach (Bee 92) or by 
classifying it into proximal and distal parfs (Hve 96 and Col 91). In the present work, 
the entire process of gastric emptying can be recorded and quantified with the 
introduction of the three regions technique. The tii-regional pattern may assess in 
studying the behaviour of meal type emptying for each region of the stomach 
individually.
The objective of this work was to validate the tri-regional pattern method of gastric 
emptying and intragastric distribution behaviom* in normals as well as to show whether 
tri-regional patterns change with meal type. Last but not least to explore differences in 
emptying behaviour for the stomach and its three regions of interest.
In the clinical processing protocol, a sum of the first five frames is selected to define 
the whole stomach region of interest (see Figure 7.6, a). The problems regarding this 
protocol are twofold: firstly the time taken for meal completion may vary with each 
patient and as a result the sum of five frames (when scanning was 1 min/frame for up to 
120 minutes) may not present the gastric digestion and emptying phases, (i.e. this
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protocol does not reveal the fu ll shape o f the stomach). Secondly, the choice of one 
whole stomach ROI ignores the physiological differences within the stomach’s 
regions.
The alternative is to use frames from the initial, middle, and final stages of the 
experiment method in order to di'aw ROI that gives better representation of the profile 
and manifestation of the three parts of the stomach. Figures (7.6, part b and 7.7) show 
that the proposed method gives the best all-inclusive stomach ROI. This was achieved 
by displaying all the frames (see Figuie 7.8 and Appendix II) and choosing frames 
(-4-6 frames) from the initial, middle, and final stages of the experiment that allows 
both a more accui ate representation of the shape and appearance of the whole stomach 
region, and also its clear separation into the fundus, body and antrum regions. The 
study was played back to confirm that the stomach remained within the outlined ROI 
throughout the study and the recorded activity per frame was corrected for physical 
decay of ^^ Tc™ and finally, the data sets were analysed by calculating the T50 for the 
geometric mean values.
7.6 Image Processing and Interpretation
In the clinical routine, the anterior and posterior regions of interest (ROIs) were 
conducted sepai'ately, and the geometric mean calculated for the respective gastric 
regions in order to correct the varying depth and attenuation. Defining those regions to 
the different frames as well as the human error in defining the different regions to 
anterior and posterior views individually was possible but a time consuming process. 
As a result, it is prefen'ed to define one ROI for each ar ea of the stomach fr om the 
anterior images and applying it to the posterior fr ames.
Thus, the objective of the proposed processing method was the validation of a new 
protocol for defining a ''same ' region of interest out of the whole and the tlnee regions 
of the stomach for both anterior and posterior frames by direct comparison with the 
standard clinical protocol. This was required since no one has used or reported'this 
new protocol in the literature. The processing was conducted using the IDL program 
and the interpretation of results was identified using statistical analysis.
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'i.1 (b)
’igure 7.6 A scintigraphic presentation of stomach image; a) a presented anterior 
stomach region when using the standard clinical protocol (a summation oj 
the first five frames), b) a presented anterior stomach region when using the 
new protocol {a summation o f different frames from initial, middle and last 
frames).
It T f . • •
(b)
(t)
i P ^
(d) :
Figure 7.7 Scintigraphic images showing the distribution of the glucose 10% meal in first 
(a), middle (b), last (c) and sum of first, middle and last frames (d).
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Figure 7.8 The entire set of frames can be displayed using the IDL software.
7.6.1 Materials and Methods
7.6.1.1 Using the ‘same’ ROI for Anterior and Posterior Views
In the standard clinical protocol, separate ROIs (i.e. different ROIs) are applied to the 
anterior and posterior views individually before calculating the geometric mean. 
Conversely, in the current processing, the ROI was drawn on the anterior image and 
then the same ROI was applied to the posterior images. Hence, the scintigraphic data 
were analysed and statistically evaluated in order to validate the use of the "''same ” 
ROI for the anterior and posterior regions respectively. IDL software allows the 
application of the anterior ROIs to the posterior images through the use of the 
REVERSE function. This reverses the order of rows and columns in a two- 
dimensional array (Appendix II), so it can be used to convert images from posterior to 
anterior orientation (see Figure 7.9). A single ROI can then be drawn on the anterior 
image (using the IDL-ROI routine in appendix III), which can then be used on all the 
‘reversed’ posterior views (see Figure 7.10).
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(b) -
Figure 7.9 Stomach’s image, a) posterior image as presented from imaging acquisition, 
b) a posterior image with identical orientation to the initial recorded array 
after a REVERSE function being applied.
The same region of interest 
(fundus ROI)
Figure 7.10 A single fundal ROI can be drawn on a) the anterior image (combination oj 
several frames from beginning, middle and end o f the study), which is then 
used on b) the ‘reversed’ posterior view (frame no. 7 presented as an 
example).
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7.6.1.2 Validation of the ‘same’ ROI method
All IDL progi'ain was wi'itten to compare the equality and reproducibility using the 
"same ’ ROI with the clinical processing routine of the "different’ ROIs for the anterior 
and posterior frames. The objective of the author’s proposed protocol were to validate 
its suitability and accuiacy in providing similar' results of the half emptying times for 
the stomach and its three regions (post-geometric mean calculation) to that of the 
clinical routine protocol in a convenient, and simple manner, within a shorter time. In 
order to achieve that, an appropriate stomach ROI was selected, which could then be 
divided into tlnee physiological regions ().q. fundus, body and antrum). Subsequently, 
both protocols (clinical and author’s) were presented and analysed to estimate the 
T50s for the stomach and its three-zones. As a result, an approach to the sensitivity 
and equality of the autlior’s proposed technique can be achieved by a direct 
compai'ison of the T50s produced by the two methods.
The descriptive analysis consists of T50 plots of the geometric mean of the "same’ 
7?07method against the standard clinical protocol ("different’ ROIs) and the results are 
shown in Table 7.2. In this Table, the T50s from both methods and their percentage 
difference with respect to the clinical ""diff” method data are presented where they tend 
to be quite similar. As can be seen from Figui'e 7.11, the points lie on the diagonal 
lines of the plot indicating the similarity of the two methods. The half emptying times 
of the whole stomach and its three regions of interest indicate an excellent linear' 
correlation between the two methods as follows;
= 0.998 (7.4)
The slope of the straight-line in each graph is approximately equal to 0.98 with R> 
0.99 confirming the appropriateness and suitability of the new protocol. Both 
comparison and correlation statistical tests were used to define the type of relation 
between the two methods. Spearman Cori'elation test shows a correlation (p<0.01) 
between the two methods (Table 7.2).
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7.6.1.3 Validation Of Proposed Protocol Using tpeak
The raw data acquired in the post-prandial period by both methods (i.e. clinical and 
proposed) were expressed as percentages normalised to peak value of the recorded 
radioactivity in scintigraphy (Ela 82). tpeak was considered as 100% for normalisation. 
Table 7.3 shows the peak time in minutes (for ‘same’ ROI against ‘different’ ROI 
frames) and their percentage difference after the meal ingestion, commenced for all 
subjects and meals.
In addition, it can be observed from Figures 7.12, 7.13 and 7.14 that the peak time for 
the stomach’s three regions of the "same’ and "different’ ROIs methods are relatively 
close. Statistical tests were used in order to define the relationship between these two 
protocols and whether a similarity or difference can be predicted. Since the 
distribution of the peak times was not followed by a Gaussian (symmetrical) shape, 
non-parametric tests, such as the Wilcoxon Signed Ranks test and Spearman 
Correlation test were conducted. The results are presented in Table 7.4.
The par allel relationship between the routine protocol and the new developed protocol 
using a Spearman Correlation test is accepted as true with a probability value better 
than (P <0.05) as shown in Table 7.4.
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Table 7.3 The peak time (in minutes) for recorded in ""same” and ""diff’ methods 
simultaneously after ingestion of a) glucose 10% solution, b) Ml and c) M3 meals 
for all subjects.
a) Glucose 10% solution
Peak time 
/Subjects
a) Fundus b) Body c) Antrum d) Total
Diff ROI Same ROI Diff ROI Same ROI Diff ROI Same ROI Diff ROI Same ROI
SI 5.0 6.0 3.0 3.0 8.0 9.0 3.0 4.0
82 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0
S3 5.0 5.0 4.0 4.0 2.Ô 2.0 4.0 4.0
S4 10.0 9.0 9.0 10.0 11.0 10.0 10.0 1Ô.Ô
S5 7.0 7.0 6.0 6.Ô 9.Ô 9.0 7.0 8.0
S6 2.0 2.0 5.0 4.0 11.0 11.0 5.0 5.0
S7 2.0 3.0 2.0 2.0 3.0 4.0 2.0 2.0
S8 4.0 4.0 3.0 3.0 2.0 2.0 4.0 4.0
Mean 4.6 4.8 4.3 4.3 6.0 6.1 4.6 4.9
SD 2.8 2.5 2.4 2.7 4 1 4.0 2.7 2.8
SEM 1.0 0.9 0.8 0.9 1.5 1.4 1.0 1.0
b) Milkshake (M l) meal
Peak time 
/Subjects
a) Fundus b) Body c) Antrum d) Total
Diff ROI Same ROI Diff ROI Same ROI Diff ROI Same ROI Diff ROI Same ROI
SI 7.0 7.0 5.0 4.0 3.0 3.0 4.0 4.0
S2 5.0 4.0 4.0 4.0 2.0 2.0 3.0 4.0
S3 4.0 4.0 7.0 7.0 6.0 7.0 4.0 4.0
S4 7.0 8.0 6.0 6.0 9.0 8.0 6.0 5.0
S5 6.0 6.0 4.0 4.0 12.0 13.0 5.0 5.0
S6 2.0 2.0 3.0 3.0 11.0 11.0 3.0 3.0
S7 3.0 3.0 1.0 1.0 3.0 3.0 1.0 1.0
S8 6.0 6.0 3.0 3.0 5.0 5.0 3.0 3.0
Mean 5.0 5.0 4.1 4.0 6.4 6.5 3.6 3.6
SD 1.9 2.1 1.9 1.9 3.9 4.0 1.5 1.3
SEM 0.7 0.7 0.7 0.7 1.4 1.4 0.5 0.5
c) Milkshake (M3) meal
Peak time 
/Subjects
a) Fundus b) Body c) Antrum d) Total
Diff ROI Same ROI Diff ROI Same ROI Diff ROI Same ROI Diff ROI Same ROI
SI 9.0 8.0 4.0 4.0 2.0 2.0 4.0 4.0
S2 5.0 5.0 3.0 3.0 12.0 11.0 3.0 4.Ô
S3 3.0 3.0 8.0 7.0 7.Ô 7.0 7.0 6.0
S4 5.0 4.0 3.0 3.Ô 3.Ô 3.0 3.0 3.0
S5 5.0 5.0 8.0 9.0 4.0 4.0 8.0 8.0
S6 2.0 2.0 2.0 2.0 7.0 7.0 2.0 3.0
S7 2.0 3.0 2.0 3.0 9.Ô 1Ô.Ô 2.0 2.0
S8 8.0 8.0 4.0 5.Ô Î5.Ô 17.Ô 6.0 6.0
Mean 4.9 4.8 4.3 4.5 7.4 7.6 4.4 4.5
SD 2.6 2.3 2.4 2.4 4.5 5.0 2.3 2.0
SEM 0.9 0.8 0.9 0.8 1.6 1.8 0.8 0.7
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Table 7.4 Different statistical results from the T50s of the different’ ROI and the 
‘same ’ ROI methods.
a) Wilcoxon Signed Rank test
(P- value) Glucose 10% solution M l meal M3 meal
Fundus 1.0 1.0 1.0
Body 1.0 1.0 1.0
Antrum 1.0 0.3 1.0
Total 1.0 1.0 1.0
b) Spearman Correlation test
(P- value) Glucose 10% solution Ml meal M3 meal
Fundus <0.01 <0.01 <0.01
Body <0.01 <0.01 0.01
Antrum <0.01 0.01 <0.01
Total <0.01 <0.01 <0.01
7.6.1.4 Quality Assurance (Q.A) of the Processing Methods
The purpose of this work is to establish a quality assurance (Q.A) procedure for the 
researcher’s new processing and analysis technique (precision in measurement). The 
data was given to six participants. Four of them are nuclear medicine technicians from 
two institutions; the Nuclear Medicine Department at the Royal Surrey County 
Hospital (RSCH) and the Kuwait Cancer Control Centre (KCCC). In addition to two 
medical physicists from Physics Dept at the University of Surrey. Each technician 
participating in this Q.A procedure was supplied by a stomach picture (see Figure 
7.15) with its three zones (Bou 84, Git 94, Ber 98, Van 01 and Wau 01) in order to 
define the stomach ROIs depending on their perception and decision of the stomach’s 
divisions.
A confidence interval was constructed for each subject depending on stomach region 
and meal type. The confidence intervals, which are the upper and lower values (UL & 
LL) at the ends of the confidence interval, were as follows;
Mean ± (tn-i x SD) / yfn (7.6)
where t is the degree o f freedom at the two tailed probability 
points o f  the t distribution and n is the number o f the 
participants.
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The half emptying times were satisfactorily similar in all cases. Tables 7.5 and 7.6 
exemplify the semi-equivalence of the calculated T50 for all regions of interest 
defined by the different participants.
So, it can be noted that when comparing the analysis for the processing of all 
participants using the researcher’s protocol, positively equivalent T50s were 
produced. Also, the researcher’s measurements (i.e. user 1) were found to lie within 
the corresponding confidence interval with a standard deviation of (±2.5min). 
Therefore, it can be concluded that this new protocol proved its suitability and 
reproducibility to be performed by any user. The processing procedure was simple so 
that repeated processing could be performed by different users with similar results and 
avoid the need for experienced and highly trained staff.
Fundus
Esophagus
pepsinogen 
and HCl)
D uodenum
Pyloric
sphincter
Fundus
Esophagus
Lower esophageal 
sphincter
rBodyi(secreles 
mucus, pepsinogen 
and HCl) 
Duodenum
Pyloric
sphincter
Antrum | 
(secretes 
mucus, 
pepsinogen, 
and gastrin)
Figure 7.15 the three anatomical divisions of the stomach; (fundus, body and antrum), (reprod 
from Van 01 and Wau 01).
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7.7 Conclusion
In sunnnary, the proposed method can be classified into three subdivisions; the use of 
fi'ames from the initial, middle, and final stages of the experimental work in order to draw 
the region of interest, ROI, was drawn on the anterior image and then the same region 
was applied to the posterior images and last but not least, applying the tri-regional pattern 
for assessment of the behaviour" of meal type emptying rate for each region (i.e. fundus, 
body and antrum) of the stomach individually.
In section 7.6, the only validation of the proposed technique was attempted by comparing 
with the clinical routine method, on the other hand, the interpretation of the half emptying 
time values will be followed in the next section of this chapter.
It is concluded that the author’s proposed method results were fairly similar to the clinical 
protocol values. However, these results were achieved in a faster time of data processing 
when using the new protocol of applying the anterior region of interest to the posterior 
images. Also, it is suggested that processing of gastric emptying studies using the clinical 
routine protocol will not provide the additive information regarding the stomach’s three 
regions. Thus, the proposed method has the advantage of providing detailed information 
of the behavioui* of emptying in all regions (Had 02) of the stomach (explained later in 
this chapter) and it does not require a great deal of experience and highly ti'ained staff in 
the processing means.
This approach offered a number of immediate advantages over the clinical process:
1) Emptying of the meals has been quantitated in detail in the stomach.
2) The processing procedure was simple so that repeated processing could be 
performed by different users with similai" results. Consequently, the researcher’s 
method can be used as both a clinical and a research tool.
3) There was no interference with the noi-mal physiology pertaining to subject 
position.
4) The method assesses the amount of the original meal in the stomach’s regions 
with respect to time consumption.
5) It was highly acceptable with the emolled users and avoided the need for highly 
experienced users.
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7.8 Scintigraphic Assessment of Altered Gastric Emptying by Different Calorific 
Meals
7.8.1 Introduction
Gastric emptying is a relevant physiological mechanism that requires to be examined 
with respect to the three-regions of the stomach. Previous studies performed by Mai'zio 
and his colleagues (1989), suggested that the distal stomach, and in particular antral 
‘tone’, has a role in regulating gastric emptying of liquids. On the contrary, gastric 
emptying of liquids is known to correlate with the content of proximal stomach and not 
that of the distal stomach. That is, the proximal stomach usually ‘empties’ in parallel witli 
the total stomach, whereas the distal stomach content initially increases and subsequently 
decreases (Col 91 and Hor 93). However, there is evidence in our' studies that the meal 
type controls the predominance of the region’s emptying pattern, as will be explained 
later in this chapter.
The three gastric regions of interest method (Figure 7.16) has characteristically assessed 
the gastric emptying measurement by studying the changes within these regions. The rate 
at which the region coimts decreases from maximum soon after a meal cori'elates with 
gastric emptying measured epigastrographically. It is however, uncertain if gastric 
emptying of liquids should be related to changes in the antral ar'ea only. Specifically, 
emptying of nutrient and non-nutrient liquids is dependent on the relation between motor 
events in the proximal stomach, antrum, pylorus, and small intestine, rather than the 
motor function of the proximal stomach only (Col 91 and Hor 91). It is therefore 
potentially a determinant of the contents of the stomach’s tliree regions. The factors that 
regulate emptying differ fundamentally between nutrient and non-nutrient liquids (Hor 
91) and the feedback from small intestinal luminal receptors predominates in the control 
of nutrient containing liquids. Gravity and intragastric volume on the other hand are 
impor*tant determinants of emptying of isotonic liquids, which empty faster from the 
stomach than nutrient containing liquids.
As mentioned ear'lier the data of this work comes from the gastric emptying studies we 
caiTied out in the Medical Physics Depar-tment at the Royal Surr'ey County Hospital 
(RSCH). The objective of this work was the investigation of the emptying patter-ns
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induced in the different regions of the stomach in response to test meals of different fat 
composition and calorific content.
Oesophagus
First part
ofduodenum
Co-57 pen source 
marker
Fundus  ROI
Stomach Body ROI
A n tru m  RO I
Figure 7.16 Scintigraphic images of a) the stomach and b) its three regions (fundus, body and 
antrum).
7.8.2 Analysis o f Scintigraphic data
The half-emptying times in scintigraphy were based on an empirical method (i.e. analysis 
o f the raw data) (see Figure 7.5) as well as an exponential fitting model (Figure 7.17). 
The latter was decided to be used especially for the complex meals when the time of the 
study was shorter than the resulting T50s.
7.8.3 Interpretation o f Scintigraphic results
7.8.3.1 Correlation between meal type and size of ROi
It was concluded in section 7.7, that the new method may be used to investigate whether 
emptying times vary significantly with meal composition and energy density in the 
different parts of the stomach.
Therefore, in this section, analysis of scintigraphic data using the new method of defining 
the stomach’s tri-regions of interest was applied to find out whether the meal complexity 
suggests a controllable ‘tone’ in a particular region of the stomach in regulating gastric 
emptying of liquids and semi-solids.
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25000 -0.0139Xy = 23103e 
R^= 0.97 
T50= 50 min20000 Exponential 
fitting line
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Post-prandial«2 10000 phase
Exponential fitted line
25000 y =25359e^ °i32x
R2 = 0.9236 
T50= 53 rrinE 20000
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20000
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T im e  ( m i n u t e s )
Figure 7.17 The gastric retention of a) glucose 10% solution, b) milkshake (M l) meal and 
c) milkshake (M3) meal in a normal subject using scintigraphic technique. 
Exponential fitting model (black line).
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Since the number of pixels was recorded when defining the stomach ROI, it was possible 
for the data set per meal type ingested to be plotted. This would determine the nature of 
the relationship between the meal type and the size of the region of interest, which may 
give more useful information. The results are presented in Table 7.7. As can be noticed 
from Table 7.7, that the number of pixels rises relatively with meal complexity. This 
holds true for all subjects. Descriptive analysis shows that there are differences among 
the number of pixels in the whole stomach ROI according to meal type. However, it is 
important to test whether these differences exist at the population level. The distribution 
of the pixels for the three meals was not normal. Therefore, a non-parametric test (i.e. 
Wilcoxon Signed Ranks test) is preferred to test the difference among the number of 
pixels with the meal type and compare it with the three meal groups simultaneously.
Table 7.7 Numbers of pixels of the whole stomach’s 
in different type of meals. Data are Mean
ROI for subjects 
{SD) values.
Subject / 
no. of pixels
Glucose 10%
Mean (SD)
Ml study
Mean (SD)
M3 study
Mean (SD)
SI 5 7 6 3  ( 1 5 ) 6 2 3 7 ( 1 2 ) 7 4 0 7 ( 1 3 )
S2 6 8 3 0 ( 1 2 ) 7 8 4 3  ( 1 3 ) 8 9 0 8 ( 1 4 )
S3 7 8 9 7 ( 1 2 ) 9 2 8 8 ( 1 1 ) 1 0 7 5 0 ( 1 1 )
S4 9 4 5 3  ( 1 4 ) 1 0 3 3 8 ( 1 2 ) 1 1 6 7 5  ( 1 5 )
S5 9 1 1 5 ( 1 4 ) 1 0 3 4 8 ( 1 5 ) 1 1 8 6 6 ( 1 3 )
S6 9 7 2 0 ( 1 0 ) 1 0 1 7 5 ( 1 4 ) 1 2 8 7 4 ( 1 5 )
S7 5 9 0 3 ( 1 2 ) 6 5 7 3  ( 1 3 ) 7 2 0 3  ( 1 2 )
S8 6 2 6 0 ( 1 0 ) 7 3 0 5  ( 1 1 ) 9 0 6 7  ( 1 2 )
Wilcoxon Signed 
Rank test
P { G ,  Ml) P(G,M3) /»(M1,M3)
0 .0 1 2 0 .0 1 2 0 .0 1 2
It is clear that there is significant difference (P< 0.05) among the number of pixels for the 
three different types of meals. Figure 7.18 shows that the number of pixels rises with the 
complexity of the meal and it is evident that with a fixed volume (450mL) for all meals, 
the calorific density of the meal does affect the stomach size. Furthermore, when 
focusing on the mean stomach size per meal type, it was noticed that the mean stomach 
size increases, as the meal became more complex (for the same volume o f meal).
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On ingestion, the body and fundus of the stomach dilate to accommodate the meal with 
little increase in intragastric pressure. This 'receptive relaxation’ begins at the 
commencement of the act of swallowing and is maximal when the bolus reaches the 
stomach (Can 11). Also, it is believed that the fatty and high calorific meal needed more 
grinding mechanisms to break down its contents into simple molecules. The phenomenon 
stimulates higher amounts of gastric secretion in the stomach when more complex meals 
are provided. As a result, a larger size of the stomach is achieved due to gastric 
distension.
90000
80000
70000
60000
50000
40000
30000
20000
10000
Glucose M1 study 
Meal Type
M3 study
'igure 7.18 Number of pixels of the whole stomach’s ROI against the 
meal type for all subjects.
7.8.3.2 Correlation between the half emptying times of body and total stomach 
ROIs
Gastric emptying of complex meals is known to correlate with the contents of the fundus 
and body regions. In all types of meals, it seems that the body region usually empties in 
parallel with the total stomach, whereas the antral part emptying is longer in the simple 
beverages and shorter in the complex ones (see Table 7.8). In Table 7.8, the half 
emptying time of the stomach for both simple and complex meals were most adequately 
represented by the body region [For slucose lOYo meal: T50 of body = 45.9min±4.1 
against T50 of total = 46.6min±4.5; fo r  M l meal: T50 of body = 58.6min±6.3 against
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T50 of total = 58.3min±5.8 and for M3 meal: T50 of body = 195.6 min±51.7 against T50 
of total = 195.6min±50.3, f  <0.001 for all subjects].
However, it is important to test whether these differences exist at the population level. 
The statistical Friedman test was employed to test the difference among the gastric 
emptying times in each region of the stomach for three types of meals as well as the 
variations in emptying pattern for the three regions in each study. The mean half­
emptying times and their statistical results are presented in Table 7.8. Significant 
differences exist in all ROIs of the stomach for the different calorific meals.
Table 7.8 The half emptying times for the stomach and its three regions in all
types of mea s. Data are mean (SD, SEM) values.
T50 (min)/ROI Fundus Body Antrum Total
Meal type Mean Mean Mean Mean
(SD, SEM) (SD, SEM) (SD, SEM) (SD, SEM)
Glucose 10% solution 29.6 45.9 63.2 46.6
(4.2, 1.4) (12.3,4.1) (13.3,4.4) (13.4,4.5)
Milkshake (M l) 53.4 58.6 29.6 58.3
(10.1,3.6) (17.8, 6.3) (8.9, 3.1) (16.4,5.8)
Milkshake (M3) 168.4 195.6 59.5 195.6
(126.7, 44.8) (146.1,51.7) (10.4,3.7) (142.4, 50.3)
Friedman’s test P- value P- value P- value P- value
(Glucose 10%, Ml, M3) <0.01 0.001 0.002 0.001
Glucose 10% M l M3 -
{fundus, body, antrum) 0.001 0.002 <0.001 -
As mentioned earlier the gastric emptying of complex meals is known to correlate with 
the contents of the fundus and body regions. In all types of meals, it seems that the body 
region usually empties in parallel with the total stomach, whereas the antral part 
emptying is longer in the simple beverages and shorter in the complex ones (Table 7.9). 
The half-emptying times (T50s) of the whole stomach for both simple and complex meals 
were most adequately represented by the body region.
To test the correlation in half-emptying time between body part and total stomach, a non- 
parametric Spearman's rank correlation test was chosen. This is because the distribution 
of the half emptying times is not normal due to small sample size as well as the half-
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emptying times are related as they are measured on the same subjects. The results from 
the analysis showed a strong correlation in half emptying time between the body part and 
the total stomach (P<0.001), which confirms that both regions have the same emptying 
behaviour and may reflect the whole stomach.
7.8.3.3 Variation in the half emptying times with meal type
Figure 7.19 shows that in both simple meal (glucose 10% solution) and complex 
milkshake (Ml and M3) meals, there were significant differences between meal type and 
the emptying time of each region of interest. This is supportive evidence that the antral 
zone dominates the amount of emptying in the simple meal while the body region directs 
the amount of molecules processed into the antrum in the complex meals. In all types of 
meals conducted in this study, the fundus did not act as a wholly reservoir area. On the 
contrary, the time of meal emptying in the fundus has been shown to hasten emptying in 
comparison with the body part.
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Figure 7.19 The half emptying times (T50s) of the three stomach’s region 
of interest for all subjects against the meal type. Data are 
mean (SEM) values.
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As can be noticed from Figure 7.19 the antral half-emptying time for Ml meal is shorter 
as compared with the half-emptying time for M3 meal. This can be due to 
synchronization of the maceration and emptying processes for Ml meal particles and 
results in a shorter emptying time relative to M3 meal which has more complex particles.
Hence, it can be concluded from the results that, contrary to the general opinion, the three 
parts of the stomach have different manners of emptying and the predominant factor as 
expected is the complexity of the meal. Table 7.9 shows the gastric retention of isotope 
labelled with meal in the stomach and its three regions for all subjects. Emptying of 
glucose 10% meal is more rapid in fundus and body regions than that of the antrum and 
has a non-linear pattern with a slope that decreases with time for all subjects (see Figure 
7.20). For the milkshake (M3) meal, subjects 7 and 8 have significant delayed emptying 
in fundal, body and the total stomach’s regions of interest. These observations were 
double-checked with the clinical processing protocol results to avoid any 
misinterpretation. It was found that these observations were correctly reported. The large 
values could be due to some other biological or physiological factors present in the 
subjects 7 and 8.
Table 7.9 The half emptying times of the three stomach regions in all subjects for the 
different calorific meals. Data are T50, mean T5Q (SD, SEM) values.
I (Mean T50, SD, SEM) Subject/meal type SI♦ S2t S3t S4» S5t S6$ S7$ S8♦ S9$
G10% meal (29.6, 4.2,1.4) 24 24 29 37 29 33 32 27 31
e (M l) meal (53.4,10.1,3.6) 32 52 62 60 65 51 53 52 -
u. (M3) meal (168.4,126.7, 44.8) 101 107 103 105 93 105 305 428 -
O
G10% meal (45.9,12.3, 4.1) 19 46 43 53 64 53 40 45 50
(M l) meal (58.6,17.8, 6.3) 35 58 77 36 76 74 45 68 -CQ (M3) meal (195.6,146.1, 51.7) 108 125 124 128 110 112 385 473 -
E G10% meal (63.2,13.3, 4.4) 44 73 45 59 75 76 53 77 671 (M l) meal (29.6,8.9,3.1) 13 33 21 27 38 39 33 33 -< (M3) meal (59.5,10.4,3.7) 52 41 55 65 69 55 70 69 -
G10% meal (46.6,13.4, 4.5) 19 47 45 54 68 55 41 40 50
2o (M l) meal (58.3,14.6, 5.2) 35 58 76 37 73 74 64 49 -H (M3) meal (195.6,142.4, 50.3) 109 125 128 129 108 119 462 385 -
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Figure 7.20 Gastric emptying curve for glucose 10% in fundus region 
of interest for a subject.
Studying the changes in isotope activity within the antral region may indirectly assess the 
frequency of gastric contractions. In a simple meal, some of the duodenal content is 
carried back by the contractions when large quantities of meal are received from the 
antrum. This rétropulsion carries the liquid back into the gastric antrum as shown in the 
fluctuations in Figure 7.21. Antral contraction leads to propulsion and rétropulsion of 
gastric contents which facilitate both mixing and emptying of gastric contents. Also, it 
can be noticed from Figure 7.22 that the antrum has the slowest emptying rate for the 
glucose 10% while the fundus has a marked acceleration emptying for almost all the 
subjects as compared with the body region.
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Figure 7.21 The return of duodenal content back into the antrum 
(rétropulsion) for the glucose 10% solution (Had 02).
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The pattern of milkshakes (Ml and M3) emptying is chai'acterised by a prolonged 
retention phase in fundus and body than in the antrum (see Figure 7.22). In the literatuie, 
the fundus is considered to be a storage area, were the emptying rate is assumed to be 
longer than that of the body. This may be true for the solid meals but in oui* work where 
liquid and semi-liquids were used, the fundus showed a faster emptying rate than that of 
the body (all subjects in M3 study and 6 out o f  8 subjects (75%) in M l study). Hence, 
both fundus and body regions act as a reservoir areas in the semi-solid meals.
There is a marked acceleration in antrum emptying compared with the fundus and the 
body regions in the milkshake studies. In all types of test meals, the emptying pattern of 
the body pai*t and that of the whole stomach ROIs are fairly similar in value.
Figure 7.22 shows graphically that in milkshake (M l) and (MB) studies, the anti*um has 
the shortest T50s while a delay time was more evident in the other parts. Moreover, the 
flmctions of the fundus, body and anti'um in terms of gastiic emptying, may vary 
according to the nutrient content of the meal. This is because increasing the calorific 
content of the meal has shown to delay gastric emptying generally in the fundus and body 
specifically where the trituiation process takes place, while simple liquids empty in 
gushes associated with coordinated contractions involving the antrum.
These findings support the hypothesis that scintigraphic measurements of gastric 
emptying using the tri-regional pattern aie sensitive in quantifying emptying of both 
simple and complex meals. This new method verified fundamentally its ability to 
measure the emptying times of the different pai*ts of the stomach between nutrient and 
non-nutiient meals (see Table 7.9). In addition, the observed relation between 
scintigraphic measurements of the various parts of the stomach and gastric emptying 
suggests that the antral part of the stomach has a role in regulating gastric emptying of 
liquids and in particular*, of simple ones.
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Figure 7.22 The emptying pattern for the three regions of the stomach in a) Glucose 
10% solution, b) Milkshake (M l) meal and c) Milkshake (M3) meal.
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It has been hypothesized that this study will confirm that the distribution of simple and 
complex (high fat and calorific contents) meals in the human stomach differ noticeably 
when both were administered on separate occasions. On ingestion, simple liquids rapidly 
dispersed throughout the fundal and body part of the stomach with no evidence of 
preferential storage in the fundus. The complex meal, however, resided almost entirely in 
the fundus and mainly the body region and was then gradually redistributed to the antral 
stomach in small amounts (Table 7.10).
Table 7.10 The half emptying times (in minutes) for the whole stomach ROI in all subjects. 
T50/meal type Sex Glucose 10% solution | Milkshake (M l) \ Milkshake (M3) ,
109 | i
125
19 35
47 _jL 58
45 J ! ............ 76 L______ 128 . J
— J 37 1 ^  J
r  73 N W8 1
195.6Mean
142.4
SEM \
Gastric emptying curves for fundal, body, antral and total stomach (representing % 
retention over time) were derived in Figure 7.23 (Had 02). Various parameters were 
obtained from the curves for subsequent statistical analysis. The retention of isotope 
every ten minutes until 60 minutes (expressed as the % of maximum counts in the region) 
were also derived for the fundal, body, antral and total stomach regions (see Table 7.11).
For all meals, the 50% emptying time (T50) were calculated for the total and the 
stomach’s three regions. The return of duodenal contents back to the pyloric area was 
visually seen in the antral region for the simple meal only. Furthermore, the content of 
the fundus was initially greater than that of the antral zone and subsequently more isotope 
was retained in the antrum as compared with other regions. The content of the antrum
-------------------------U n i S -----------------------
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was greater than other regions of the stomach soon after glucose meal consumption. As 
shown in Figure 7.23 and Table 7.11, that the fundal and body half emptying times in the 
simple meal aie 29.6 min and 48.2 min respectively so theoretically the expected 
complete emptying within these regions are ~ 59.2 min and 96.4 min correspondingly. 
However, the emptying was still in progiess after the first hour of meal consumption and 
this may be attributed to the large quantity of the meal poured in the antral part which 
prevents more molecules from the fundus and body to reach the antral region.
In the semi solid meals, the half emptying time may not represent the meal volume in the 
antrum. Instead, it may represent only the amount of food processed molecules reached 
the antrum. The slower emptying time of M3 meal compared with the glucose 10% meal 
for the whole stomach region was associated with decreased total retention in the fundal 
and body parts of the stomach.
Our results do not support the concept that the fundus is primarily responsible for 
conti'olling the rate of emptying of simple liquids and suggest instead a major role for the 
gastric antium. Also, the suppression of antral activity and the increased phasic pyloric 
activity could account for the pooling of the glucose in the antrum. The delay and pooling 
of glucose in the antrum may also be associated with the return of duodenal content back 
into the antrum (see Figure 7.21).
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Figure 7.11 Percentage retention over time in all types of meals presented for the 
different regions. Data are mean {SD, SEM) values
F u n d u s  R O I
T50 /Time (min) Glucose 10% solution Ml meal M3 meal
Mean (SD, SEM) Mean (SD, SEM) Mean (SD, SEM)
10 80.1 (4.8, 1.7) 85.7(7.3,2.6) 91.4 (6.1, 2.2)
20 66.5 (5.6, 2.2) 79.7 (7.5, 2.6) 83.0 (8.1, 2.9)
30 49.1 (6.6, 2.3) 68.1 (8.1, 2.9) 78.3 (9.4, 3.3)
40 37.1 (7.8, 2.4) 61.3 (8.5, 2.9) 74.2 (9.5, 3.4)
50 26.5 (8.4, 2.7) 55.2 (9.2, 3.2) 71.6 (9.5, 3.4)
60 16.9 (9.2, 3.0) 46.0 (9.6, 3.4) 70.4(10.1,3.8)
B o d y  R O I
T50 /Time (min) Glucose 10% solution Ml meal M3 meal
Mean {SD, SEM) Mean (SD, SEM) Mean (SD, SEM)
10 85.6 (4.7, 1.7) 90.3 (6.9, 2.4) 95.8 (3.9, 1.4)
20 79.7 (5.7, 2.0) 83.4 (7.5, 3.3) 90.8(4.7, 1.7)
30 68.7 (7.9, 2.7) 74.0 (8.6, 3.5) 87.4 (5.6, 2.0)
40 59.2 (8.6, 2.9) 68.5 (9.4, 3.7) 82.4 (5.9, 2.1)
50 46.4 (9.4, 3.2) 57.4(10.9,3.9) 79.5 (6.4, 2.6)
60 41.0(10.5,3.9) 49.2(11.7,4.0) 76.7 (7.7, 2.7)
A n tr u m  R O I
T50 /Time (min) Glucose 10% solution Ml meal M3 meal
Mean (SD, SEM) Mean (SD, SEM) Mean (SD, SEM)
10 90.2 (6.6, 2.5) 71.4 (4.6, 2.2) 86.1 (6.1, 2.2)
20 81.6 (7.6, 2.7) 60.7 (6.6, 2.5) 74.1 (7.4, 2.6)
30 72.7 (8.5, 3.0) 49.9 (7.4, 2.7) 69.5 (7.8, 2.7)
40 67.7(10.2, 4.0) 37.0 (8.6, 3.0) 61.0 (8.6, 3.0)
50 60.8(11.2, 4.1) 24.3(11.8, 4.2) 57.3 (9.6, 3.4)
60 54.5(17.6, 6.2) 18.0(12.8,4.5) 49.2(11.3,4.0)
T o ta l R O I
T50 /Time (min) Glucose 10% solution Ml meal M3 meal
Mean (SD, SEM) Mean (SD, SEM) Mean (SD, SEM)
10 87.1 (6.8, 2.4) 92.3 (7.5, 2.6) 96.7(3.9, 1.4)
20 81.3 (7.3, 3.4) 84.7 (8.1, 3.0) 91.2 (4.3, 1.5)
30 72.5 (8.1, 3.6) 76.1 (9.2, 3.2) 88.1 (5.3, 1.9)
40 61.8 (9.6, 3.8) 70.6 (9.7, 3.3) 80.3 (6.2, 2.2)
50 48.5(10.9,4.4) 58.3(10,3.5) 78.6 (7.3, 2.6)
60 42.2(12.4, 6.1) 49.8(10.4,3.7) 73.8 (7.4, 2.7)
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Figure 7.23 The percentage retention of glucose 10% solution ( ^  ) and Milkshakes 
M l (—■ —) and M3 ( ^  ) meals in a) fundal, b) body, c) antral and d) 
Total (whole stomach) regions of interest (reprod from Had 02). Data are 
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7.9 Conclusion
Many studies comparing the gastric emptying times of various meals under different 
conditions have been performed. These methods have their specific positive and negative 
aspects that determine the accuracy of their results. The three meals with different fat 
composition and calorific contents were chosen in order to investigate whether there was 
any difference in emptying patterns between the thr ee stomach regions {fundus, body and 
antrum). Hence, the tri-regional of interest method indicates that there is a large 
variability in the gastric emptying times of the three regions, as reflected by the half­
emptying times (T50s) in Table 7.9 and Figure 7.19.
Observations suggest that the behaviour* of the three stomach regions in gastric emptying 
and intra-gastric distribution vary according to the nutrient content and complexity of the 
semi-liquid meal. The difference in emptying between the tlrree stomach regions proved 
to be consistent for the simple and complex meals. This leads to a conclusion that the 
fundal and body ROI represent well the overall gastric emptying of complex meals and 
the whole stomach is best represented by the body region while the antral ROI is 
important in the emptying of the simple liquids (Had 02).
From the scintigraphic measurements in normal, healthy subjects, our findings showed 
that there is a close correlation between the whole stomach emptying of meals and 
changes in the body region. These findings confirm that increasing the calorific content 
of the liquid meal delays gastric emptying in the fundal and body regions {'‘the reservoir 
areas'"') as the complex meal enters the stomach, mixing waves begin with gentle, 
rippling, peristaltic movements, mixing it with secretions of the gastric glands and that 
are observed in the fundus, which primarily functions as a storage part. More vigorous 
mixing waves begin at the body region where the meal remains and persist for several 
minutes before intensifying these small processed amounts of the meal as they reach the 
antrum. This process allows the antrum to push the small amoimts of the meal towards 
the duodenum in a shorter time.
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The delay in the antral emptying due to the lai'ge amount of liquid being propelled 
towards this region more rapidly from the fundus and body regions was evident for its 
predominance in contiolling the process of emptying the simple meals. These large 
quantities lead to the return of duodenal contents back to the pyloric area and elongate the 
liquid residence in the antrum. As a result, the meal emptying time within the antral ROI 
was deccelerated. On the other hand, it is hypothesized that the gastric fundus and body 
regions may play an important role in the emptying of the semi-solids. Hence, the semi­
solid emptying time may not represent the volume of the meal within the antrum. Instead, 
it may represent the amount of processed food molecules reaching the antrum.
What might this role be? One possibility is that contraction of the fundus primes the 
antral pump (see Chapter 3), pressing small amounts of the nutrient molecules down in to 
the antrum to be gradually disrupted by antral contractions until particles are small 
enough to pass through the pylorus. The interaction of nutrient molecules with duodenal 
receptors would be expected to relax tlie fundus {which leads to a shorter T50 than the 
body part), tending to alter the balance of forces in favour of fundal and body stomach 
retention (Chapter 3).
Therefore, the new procedure of defining the three regions of the stomach provides a 
imique, simple and inclusive tool to characterise the tri-gastric regions’ emptying 
perfoimance, the possibility of detecting a pathological disorder in a specific region and 
to evaluate the effect of meal type on the function of each region individually. In other 
words, it has been found in practice that the researcher’s method of defining the tri­
regions of the stomach to be clinically useful to outline the function of each division of 
the stomach individually.
Overall, study of the stomach with its three regions allows quantitative characterisation of 
the emptying time for the different types of meals in each region individually and may 
detect tlie pathophysiological mechanism disorders of delayed emptying in a specific 
ROI.
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7.10 EIE Assessment of Altered Gastric Emptying by Different Calorific Meals
As mentioned earlier in this chapter the test meals being generated for our experiments 
were non-conductive liquid and semi-liquid meals. The three study phases of fasting (pre- 
prandial), ingestion (filling) and emptying (post-prandial) phase in EIE aie presented 
cleaiiy in Figure 1.2A.a.
The thickness of the signal is due to breathing where the upper impedance values 
correspond to the end of inhalation and the lower impedance values represent the end of 
exhalation, superimposed on the stomach impedance (see Figui'e 7.24.6). Other artefacts 
can sometimes accompany the stomach’s emptying during the study which may arise 
fi'om the subject moving, talking, coughing and yawning or even due to psychological 
stress or nervousness (Figures 7.24.6 and 1.25.a).
On the other hand, in the pre-prandial baseline, a drift is occasionally observed which is 
believed to be due to the drifting of the skin-electrode contact impedance over time or 
probably to electronic drifting (see Figure 7.25). Studies carried out by Amasha and her 
colleagues in 1988 explained that the drifting to lower impedance value could be due to 
rising skin temperature at the site of skin-electrode contact and resulted ft om the decline 
of tissue impedance linearly with temperatme by 2% / °C.
The gastric emptying times can be calculated by an empirical method (i.e. analysis of raw 
data) (Cam 98), running the averages (smoothing the data without losing vital 
information) or by the direct mathematical fitting methods as considered for the complex 
meals when the experimental time is shorter than the resulting T50s (Figure 7.24.c).
On the averaged post-prandial traces, exponential fitting was applied for tlie meals and 
the correlation coefficient of all fittings is very high (R>0.95) and this describes that this 
mathematical model is competent to measure the gastric emptying times for both 
scintigraphy and EIE methods (see Figures 7.5, 7.17 and 7.24).
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Figure 7.24 Gastric profile in EIE with milkshake (M l) meal; a) the 
three stomach phases, b) elimination of breathing 
artefact via a mathematical filtering procedure and c) 
measuring the emptying times by either analysis of raw 
data or a mathematical fitting model.
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Figure 7.25 Pre-prandial baseline drifting developed; a) upward or, b) downward 
occasionally in EIE.
7.10.1 Interpretation o f EIE results
The half emptying times for the glucose 10% solution. Milkshake (Ml and M3) meals in 
all subjects are presented in Table 7.12. The calculation of the gastric half emptying times 
for the different calorific meals using EIE resulted in considerably shorter values in 
comparison with the scintigraphic values and the discrepancy becomes higher as the meal 
increases in calorific value (see Tables 7.10 and 7.12). This may reflect the gastric 
emptying physiological process of acid secretion, which lowers the impedance at a faster 
rate rather than that due to gastric emptying only (Figure 7.26). Using Wilcoxon signed 
rank test, it was found that there is a significant difference (f<0.01) between both 
techniques when comparing the half emptying results of each meal separately (see Table 
7.13).
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Table 7.12 Gastric half emptying times for glucose 10% solution, Milkshake (Ml and M3) 
meals in all subjects.
T50 (min) 
/subject
Sex Glucose 10% solution Milkshake
(Ml)
Milkshake
(M3)
SI t 16.0 15.0 20.0
82 13.0 22.4 34.4
S3 t 22.9 19.8 28.5
84 t 16.5 26.4 28.6
85 ♦ 8.1 7.5 18.9
86 * 7.0 9.7 17.6
87 24.6 25.9 36.4
88 t 15.6 18.5 26.1
89 16.2 - -
Mean 15.5 18.2 26.3
8D 6.2 7.0 7.1
8EM 2.2 2.5 2.5
Wilcoxon 
Sigend Rank test
P(G,M1) P(M1,M3) P(G,M3)
<0.208 <0.012 <0.012
Table 7.13 Statistical results for Scintigraphic and EIE techniques by meal.
Wilcoxon Signed Rank Test
____________ P  value____________
Scint Vs EIE (GlucoselO%) | 0.008
Scint Vs EIE (Ml meal) 0.012
Scint Vs EIE (M3 meal) | 0.012
In this study, the half emptying time data were not normally distributed and a comparison 
between two different groups is desired. Thus, a non-parametric statistical test (Wilcoxon 
signed rank test) is used. When focusing on the EIE results, significant statistical 
differences can be found between glucose 10% solution and Milkshake (M3) meal 
(P<0.012), Milkshake (M3) and Milkshake (M l) meals (P<0.012), but not between 
glucose 10% solution and Milkshake (M l) meal (P<0.208). The latter may clarify the 
dual behaviour of the milkshake (M l) meal as it acts as a simple meal in some subjects 
and a complex meal in other subjects.
In the literature, studies have explained that a short time (2-3min ±0.25) after the food 
reaches the stomach, the gastric acid secretion is stimulated and poured into the lumen.
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Then the acid secretion reaches a peak and subsequently declines as a result to the 
negative feed back mechanisms to avoid excess of acidity (Sle 98, Mai 76 and Ver 95). In 
addition, previous EIE researchers showed that the most adequate meal volume to be 
given to a subject in order to detect impedance changes clearly is 450mL (Sut 87, Fen 90 
and Gio 00). These two results were taken into account when performing and analysing 
our data.
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Half em pty ing  tim e (min)
35 40
[ G l u c o s e  1 0 %  so lu t io n  □  M i l k s h a k e  (M1) □  M i lk s h a k e  (M3)
Figure 7.26 The half emptying times for glucose 10% solution. Milkshakes (Ml and 
M3) meals in all subjects. Data are mean (SEM) values.
In our experiments, the time between the administration of the meal and the completion 
was measured using a stop-watch as well as using the function on the gastric impedance 
acquisition software. This was carried out for all types of meals administered. The results 
show that the impedance value increases immediately after the meal administration 
regardless of meal type (Table 7.14 and Figure 7.27). The impedance trace obtained 
illustrates the meal flow in the stomach during the filling phase. On the other hand, 
impedance behaviour was different at the end of this phase as the meal become more 
complex (Table 7.14 and Figure 7.28). In other words, the impedance declined soon after 
the consumption of the glucose 10% solution whereas it continued to rise with a complex 
meal until reaching a peak value (Figure 7.27).
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Figure 7.27 The time between meal administration and completion was measured in EIE for the 
same subject in a) glucose 10% solution and b) milkshake (M3) meal.
Based on the literature, the gastric acid secretion was partially inactive at the beginning 
of the filling phase (Sle 98) in simple meals (glucose 10% solution) due to the proportion 
of water to HCl. In more complicated meals, the difference in the medium stimulates 
gastric acid secretion and produces a higher volume of gastric contents during the filling 
phase and then leads to the detection of higher impedance level post-ingestion phase for a 
short period of time before it starts to decline.
Subsequently, interference of the meal contents by gastric acid secretion poured in to the 
lumen of the stomach during the post-prandial (digestion) phase leads to a decline of the 
impedance. As mentioned earlier gastric secretions are enriched in ions and are highly 
acidic (pH<2) as they contain mainly HCl in ionic form. This results in further raise of 
the gastric content conductivity and a dropping-off of the gastric impedance.
Therefore, it can be concluded that the initial rise in impedance resulting from the 
ingestion of different calorific meals, ranging from a simple liquid meal to more 
complicated ones attributed to the change of conductivity in the gastric content, results 
from mixing the meal with gastric juice of the existing ions. Soon after the filling phase, 
the trituration process begins as gastric acid secretion is stimulated.
Hence, the gastric ionic content increases noticeably due to the elevation in the H^ 
concentration and accordingly the conductivity rises and results in rapid decline of 
measured impedance. As a result, emptying times are being underestimated in 
comparison with the scintigraphic technique results.
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7.11 Conclusion
A general comment of this study is that the resulting half emptying times created by 
the EIE are considerably shorter than those of the scintigraphic ones. The gastric 
secretory response to an ingested stimulus shows a similar profile if the stimulus is a 
simple meal (water) or complex solid and liquid meal; but the magnitude and dui ation 
of the response change.
In particular, the gastric secretory capacity varies considerably among healthy 
individuals. Extensive studies of gastric acid secretion during basal conditions (Bar 
78) presented maximal acid secretion rates of less than 5 up to 60 mEq/hour. A similar 
variation has been found in fewer studies in response to meals. The research showed 
that physiological limits for gastric secretory rates couldn’t be rigidly established. 
Also, due to the small size of the female sample in our experiments (5 out o f  8 
subjects)^ it was not possible to make a gender comparison. But the non-parametric 
test showed no differences in the half emptying times between both genders.
A compar ison of the resulting emptying times of this study showed that the gastric 
impedance depends on the total energy and the fat content (i.e. an acceleration 
propulsion of gastric contents towards the duodenum due to low fat content). In 
particular, the high energy and fat content meal (M3) meal showed a significant 
statistical difference with a mar'ked delay in T50 against both the moderate energy and 
fat content meal (M l) meal and the simple liquid (glucose 10%) meal (Tables 7.4 and
7.5). However, focusing on emptying time produced by both techniques (Tables 7.10 
and 7.11), it can be concluded that the M l meal was behaving as a simple meal in 
some subjects (3 out of 8 subjects, 37.5%) and as a complex meal in other subjects (5 
out of 8 subjects, 62.5%).
During the filling phase, the influence of the high energy and high fat meal content on 
the peak time after the meal completion is evidently dependent on the quantity of the 
gastric secretions. As a result, the impact of the increased total gastric volume via acid 
secretion reflect the initial rise in the impedance envelope. Subsequently, the 
interference of gastric content with highly acidic secretions reflect the raise of the 
gastric content conductivity hence a rapid decline of gastric impedance post- 
prandially.
----------------------- U n i S -------------------------
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CHAPTER (8)
Variations of The Half Emptying Time using H2-receptor 
antagonist With The Different Calorific Meals
8.1 Introduction
Over the past few decades researchers have been trying to relate gastric acid secretion to 
general factors such as human body weight, height, gender, age and ethnicity. The results 
of these studies are considered ambivalent. For example, some studies showed that there 
is a cori'elation between the peak acid output (PAO) (i. e the maximal acid output under 
stimulating conditions for a short time, usually 10 minutes (mmol/L/lOmin)) and body 
weight or body mass index (Hum 67, Has 71). The results pertaining to the fact that 
larger persons have a greater number of parietal cells than smaller ones.
Other studies whether based on basal acid output (BAO) (the amount o f  gastric acid in 
mmol/L o f a fasting stomach devoid o f  any stimulating conditions) or maximum acid 
output (MAO) (the acid output in mmol in an hour under stimulating conditions) using 
gender as a criterion for gastric acid secretion have shown higher values in men (Gro 63 
and Wor 65). However, the sex difference can be attributed to the higher male weight and 
body mass index, as PAO is positively correlated to weight and body mass index. 
Therefore, when normalising the values of BAO and PAO by weight or body mass index, 
the difference between the two genders becomes insignificant as shown in Figure 8.1 
(And 70 and Bor 73).
Indeed, there is uncertainty in gastric acid secretion decline with age and this because of 
the changes in weight and height (Pol 74, Kir 55) but a study between Indians described 
an increase in PAO up to the age of 50 years and then a decline. This could be attributed 
to the parallel decrease in weight (Yak 65). On the other hand, different studies based on 
gastric acid output under stimulated conditions showed a considerable difference between 
populations in the Western European continent and other parts of the world (such as 
Indians, Bantus and Chinese) (Goy 66 and Lis 68).
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Figure 8.1 PAO, BAG, and % ratio BAG/FAG in healthy subjects 
(reprod and modified from Joh 81).
Moving to another point, it is found that studies carried out in dogs and in humans 
suggest that digestible food must be reduced to particles less than 1 mm in diameter 
before they will empty from the stomach (Mey 79 and Mey 81). This process of 
trituration is usually ascribed to the mechanical action of the ‘antral mill’, although it is 
possible that acid and pepsin in gastric secretions also help to fragment food particles by 
breaking down connective tissue proteins.
The Hi-receptor antagonist, cimetidine, inhibits gastric acid and pepsin secretion (Pou 77, 
Aad 77 and Lon 77) and might therefore affect gastric emptying of meals by delaying 
disruption of large and fatty fragments of food into a fine particulate suspension. To test 
the hypothesis that gastric secretions have a physiological role in the breakdown and 
emptying of liquids and semi-solids, we have measured the time at which radiolabelled 
test meals emptied from the stomach before and after acid secretion had been blocked by 
cimetidine. Also based on the previous scintigraphic study analysis results (see Section 
7.8.2.2, a), it is observed that the number of scintigraphy imaging pixels in the stomach’s 
region of interest increases as the complexity of the meal used increases, hence, the 
influence of the beta-blocker on the size of the stomach will also be examined.
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Accordingly the aims of this study are threefold: to determine the effect of gastric acid 
suppressant (Cimetidine, Hi-receptor antagonist with cholinergic properties) on the 
gastric emptying when using simple and complex meals; to determine the effect of gastric 
acid suppression on gastric size in the postprandial period and to compare the effect of 
gastric acid suppressant on emptying in the thi'ee regions of the stomach for both a simple 
meal (a meal containing glucose 10% in water) and a complex meal (a fatty milkshake).
8.2 Why Cimetidine?
Studies on the effects of H2-receptor antagonists on gastric emptying in humans have all 
been caiiied out under differing conditions, using different test meals, different routes of 
drug administration and different types of subjects in an attempt to resolve some of 
confusion. It has been reported to have variable effects on gastric motility and emptying. 
The action of different H2-receptor antagonists on gastric emptying is controversial. 
Studies have suggested an increase (Hou 87, Hus 84), no change (Log 78, Par 84) or a 
decrease in overall gastric emptying (Sea 82, Cor 84, Ker 91).
Theoretically, the epithelium of the stomach is intrinsically resistant to the damaging 
effects of gastric acid and other insults. Nonetheless, excessive secretion of gastric acid is 
a major problem in hmnan and, to a lesser extent, animal populations, leading to gastritis, 
gastric ulcers and peptic acid disease. As a consequence, the parietal cell and the 
mechanisms it uses to secrete acid have been studied extensively, leading to development 
of several drugs useful fo r  suppressing acid secretion. Gastric acid suppression may 
affect gastric emptying by several mechanisms. Diminished hydrolysis of solids because 
of acid suppression may delay solid phase gastric emptying (Ker 91 and Ben 96). Acid 
suppression may increase serum levels of gastrin (For 76), a peptide known to slow 
gastric emptying (Ham 76). Removal of the normal braking action in the duodenum could 
lead to an increase in gastric emptying (Hun 72, Coo 74 and Dub 86). In addition, 
specific H2-receptor antagonists may also directly affect gastric motility (Sea 82, Cor 84, 
Ber 82 and Miz 90).
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In-vitro, ranitidine, but not famotidine, has been reported to increase antral contractility 
by a cholinergic mechanism (Par 94 and Kur 95). Also, low doses (10 mgkg'^) of 
ranitidine, administered by intraperitoneal injection to the rat, did not affect the emptying 
of liquids, but higher doses (100 mgkg"^) delayed it significantly (Ber 82, Sea 82 and Sea 
81). Acute administration of ranitidine to normal subjects has not influenced the 
emptying of solids or liquids fiom the stomach (Sea 82, Sea 82, Cor 84, Hea 77, Ber 80, 
Mob 77, Ric 76, Ric 83, Dub 78 and Log 78), although long-tenn administration of 
ranitidine has been shown to accelerate the emptying of the solid component of a 
solid/liquid meal in duodenal ulcer patients (Hoi 86).
On the other hand, intraperitoneal injection of cimetidine (0.5-20 mg kg’ )^ accelerated the 
emptying of a liquid test meal in rats (Ber 82, Sea 82 and Ber 82), but a single 
intravenous injection of cimetidine 50mg delayed emptying of liquid and solid meals in 
man (Cor 84 and Mig 82). Gastric emptying was also delayed by parenteral cimetidine in 
the monkey, an effect that was independent of intragastric acid (Dub 77, Dub 78 and Dub 
86). Other reports had stated that cimetidine inhibits gastric acid and pepsin secretion 
(Pou 77, Aad 77 and Lon 77) and might therefore affect gastric emptying of digestible 
meals as well as liquids.
Due to the contrary statements being reported fiom those studies, highlighting the effect 
of cimetidine on the rate of gastric emptying of radiolabelled nutrient and non-nutrient 
meals in man was added to the study’s aims previously mentioned {in Section 9.1). That 
is to investigate the relative roles played by the three regions of the stomach, (fundus, 
body and antrum) in the emptying of different calorific contents of liquid and semi-liquid 
meals accompanied with treatment {i.e. by ingestion o f cimetidine), using the three gastric 
zones method. Also, to study the impact of gastric secretions on the impedance trace 
behaviour using (3-blocker agent with meals of different calorific contents.
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8.3 Materials and Methods
8.3.1 Subject Selection
Approval of the proposed study was given by the Nuclear Medicine Department at 
Kuwait Cancer Control Centre. Twenty-two healthy non-smoker subjects (13 males and 9 
females aged between 35 - 55yrs old with BMI < 25kg/m^) underwent simultaneous 
electrical impedance epigastrography (EIE) and scintigraphy using different types of 
meals with placebo and cimetidine ti'eatrnents. Each subject participated in four studies, 
over a period of four weeks, one study per week.
Exclusion criteria include prior gastrointestinal surgery (except appendectomy), the 
presence or history of gastro-oesophageal reflux, peptic ulcer disease, mitable bowel 
syndrome, chronic gastrointestinal symptoms, or the use of any medication that may 
affect gastric secretion or emptying. The subjects had to fast overnight prior to each test. 
They were also advised to avoid strenuous activities, alcohol, caffeine and a dinner rich 
in fat on the day before.
8.3.2 Test Meals
Glucose and Milkshake formulation
Test meals of 450mL were taken by mouth, swallowed as fast as comfortable for the 
volunteer via a large bore drinking str aw to avoid excessive movements of the head, neck 
and torso. The liquid meal consisted of 10% of glucose powder diluted in a volume of 
450mL of mineral water (Volvic product, still). The ingredients of the milkshake (M3) 
meal were as follows; double cream, maltodextrin (Ceretat pure), banana essence 
(Langdales banana flavoming) and mineral water (Volvic product, still) (see Table 7.1).
8.3.3 The medication
On each occasion, the subject was given a single oral dose of either cimetidine that is 
used to suppress acid secretion and was 1.2g (400mg o f two doses at 12 hours intervals 
before the test (Sut 01) and one dose given one hour before the study, to ensure that 
reduced gastric secretion was maintained throughout the study) or placebo (same amount 
o f doses as cimetidine). The order of drirg administration was randomised.
-------------------------U n i S -------------------------
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8.3.4 Radiolabelled Material and Gamma Camera Setup
As mentioned earlier in Chapter (7) ^^Tc‘”-DTPA labelled test meals (i.e. glucose 10% 
and milkshake meals) fulfil the criteria of an ideal agent for measuring gastric emptying 
time (Cha 73). Binding the isotope to DTP A ligand prevents absorption from the gut as 
well as the technique being non-invasive with reproducible results (Ear 95 and Cha 73).
Results fiom in-vitro studies of ^ ^Tc‘” binding in the Nuclear Medicine Department in the 
Kuwait Cancer Control Centre confirmed the reliability of the labelling technique, with 
less than 2% of the isotope dissociating fiom the meal when incubated with saline at 
room temperatine for three hours.
The experiments were performed using a dual headed gamma camera (Picker-Prisum, 
2000XP/Marconi) centred on the 140keV- ^^ Tc*” -full energy photopeak with a 20% 
window (QA was applied to the dual headed gamma camera to confirm its quality 
performance using the same procedures described in Chapter 6. The resulting values for  
camera A and B using a LEGP collimator were similar to NEMA specifications).
8.3.5 Analysis o f Gamma Camera Records
Data collection commenced at the beginning of meal ingestion. Data was stored in a 
128x128 matrix of the Odyssey/Marconi-FX729 computer. Counts were accumulated in 
1 minute per frame for up to 90 minutes. Using dynamic acquisition with Imin/fi 
provides information about movement of the meal within the stomach. Matthies et al 
(1998) showed that dynamic acquisition can reveal abnormal motility even if the half 
emptying time is normal or near normal. The stomach’s three regions were defined from 
a composite of frames to enclose fundus, body and antrum according to their anatomical 
positions (Had 02) (Figure 7.15). The data were analysed after correction for physical 
aspects using IDE software (Figure 7.17). The study was played back to confirm that the 
stomach remained within the outlined ROI throughout the study (see Figure 7.8).
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8.3.6 Baseline Formation and EIE Setup
The placement of the electrodes and the subject’s position during each study were 
described in detail in Sections 5.5.4 and 7,2,4-a respectively. Data collection commenced 
15 minutes prior to beginning meal ingestion in order to create a baseline for EIE. All 
parameters were obtained fiom the original profiles, before the code indicating the nature 
of the medication was broken. This prevented any possible inclusion of researcher bias.
8.4 Scintigraphic Assessment of Altered Gastric Emptying by Treatment and 
Different Calorific Meals.
It is mentioned eariier that the images of the distribution of radioactivity in the abdomen 
were collected at one-minute intervals for 90 minutes and stored on computer for later 
analysis. The position of the stomach was identified from an integrated image of the 
selected frames after the meal had been ingested (see Chapter 7) and then outlined with a 
cursor (see Figure 7.10). The counts witliin each of the gastric tri-regions of interest were 
coiTected for decay and plotted to yield a profile of gasti'ic emptying and hence to study 
the relationship between the emptying pattern of the stomach and its three regions and the 
different parameters applied {such as meal type, pharmacological agent and the size o f  
the stomach’s regions).
8.4.1 Correlation between meal type, treatment and size o f the region o f interest
Since the number of pixels was recorded when defining the region of interest (ROI) 
simultaneously, it was possible for tlie data sets per meal type ingested (with and without 
cimetidine) to be plotted (see Figure 8.2). This would determine the size of the stomach 
and its three regions, which gives more useful infonnation. As can be seen fiom Table 
8.1, the number of pixels (mean ±SD) rises relatively with meal complexity in either 
placebo or cimetidine treatment. This holds true for all subjects.
In Table 8.2, the paired t-test showed a significant difference between the size of the 
stomach and its thr ee regions when compared to the same type of meal (with and without 
cimetidine) (p<0.01) or when compared with the different types (same treatment) of 
meals (p=0.01).
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Table 8.2 The statistical test was conducted to 
compare between the stomach and its three ROIs 
with the meal type and treatments.
Paired t-test Fundus Body Antrum Total
P(G/p,G/c) <0.01 <0.01 <0.01 <0.01
P(M3/p,M3/c) 0.02 <0.01 0.01 <0.01
P (G/p, M3/p) 0.02 <0.01 0.01 <0.01
P(G/c,M3/c) 0.01 0.01 0.02 <0.01
♦  fundus ROI/ placebo ♦  fundus ROI/cimetidine3200
2800
2400
2000
1600
1200
♦  fundus ROI/ placebo ♦  fundus ROI/ cimetidine3500
3000
Q. ♦ ♦
2500
.a ♦  ♦  ♦3 2000
1500
0 2 4 6 8 10 12 14 16 18 20 22
3-fi)TT(D
3(DQ)
Num ber of subjects
(a)
Figure 8.2 Number of pixels for the (a) fundus, (b) body, (c) antrum and 
(d) the whole ROI of the stomach in glucose 10% and M3 meals with 
placebo and cimetidine treatments.
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Continuation of Figure 8.2
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Continuation of Figure 8.2
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Continuation of Figure 8.2
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After cimetidine intake, the number of pixels in the region of interest declines moderately 
for glucose 10% solution, whereas, it rises for milkshake (M3) meal (Figure 8.2). This 
may refer to the observation that in a simple meal, cimetidine reduces the volume of 
gastric secretion (Bur 75), which could affect gastric emptying by altering the meal 
volume and viscosity of the gastric contents (Spe 77). Wlien suppressing the gastric 
secretion, same physiological processes occur” for the semi-solid but with a lengthy period 
of time. This may be attributed to the slow trituration process as well as a prolonged stay 
of the test meal in the stomach which, lead to define greater ROIs of the stomach and its 
parts.
Moore et al, 1981 indicated that in the ear'ly postprandial period, food is stored in the 
fundal part of the stomach and a small amount is retained in the antrum. As emptying 
progresses, the amount of food in the antrum remains reasonably constant, but that in the 
fundus declines progressively. The ability of the fundus to relax and accommodate food 
without a major change in intragastric pressure is termed ‘gastric adaptive relaxation’ 
(Jan 77). In accordance with our work, inhibition of gastric acid secretion by cimetidine 
was associated with an appreciable increase in the size of the stomach regions in the 
semi-solid test meals. Both fundus and body regions of the stomach are defined as the 
‘reserwoir’ areas seen in 20 out of 22 (91%) subjects for at least the first half hour post­
ingestion of M3(cimetidine) meal with minimal amount of processed food propelled in 
gushes to the antral region (see Figur*e 8.3). This enlargement in the size of the stomach 
and its three regions was related to the prolonged lag phase (see Figure 8.4).
In spite of the fact that gastric acid secreted normally with placebo intalce, smaller size of 
fundus and body regions are being observed in comparison with the M3 (cimetidine) meal. 
These results may be explained by the relative reduced acid activity induced by 
cimetidine impairing the breakdown of semi-solid food into particles small enough to 
leave the stomach, the prolonged residence of this type of meal in the stomach regions 
and slower redistribution from the fundal and the body zones to antral stomach.
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Glucose 10% solution M ilkshake fM 3l meal
9 5 minutes »
10 minutes 
(^ fu n d i i^
30 minutes
60 minutes #
— ( a n t r u ! ^
^^ 9
"igure 8.3 Scintiphotographs showing the distribution of the glucose 10%
solution and Milkshake (M3) meal (post-cimetidine intake) at 5, 
10, 30 and 60 minutes.
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8.4.2 Impact o f Pharmacological Agent on The Emptying Behaviour o f The 
Stomach *s Three Regions
After ingestion, the glucose 10% solution was rapidly dispersed through the whole 
stomach {in both placebo and cimetidine treatments) and there was a minimal lag phase 
period before stomach emptying began (see Figure 8.4). The liquid emptying was longer 
for placebo treatment and there was greater retention of liquid at 20 minutes and 50 
minutes for the whole stomach ROI.
100
75
25
40 60
100
CO 25 -
T ime (minutes)
"igure 8.4 Gastric emptying profiles of subjects with (0) and without (#) 
cimetidine. Each point represents the percentage of the test meal
remaining in the total stomach at 10 minute intervals after 
ingestion a) glucose 10% solution, and b) M3 meal. Data are 
mean (SEM) values.
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The slower emptying of glucose 10%(piacebo) was associated with a significant increase in 
the amount of liquid in the antral stomach at 30 and 50 minutes (see Figure 8.5). The 
delay in gastric emptying was further evaluated using regional gastric emptying analysis. 
In glucose 10% solution, the half emptying time was hastened after cimetidine in twenty 
(20 out of 22, 91%) individuals in the fundal region, twenty-one (21 out of 22, 95%) 
individuals in the body region (the emptying time was virtually unchanged in the body 
region fo r subject #11) and lastly accelerated for all individuals in the antral part (Figui e
8.5). The T50 of milkshake (M3) meal was delayed in nineteen (19 out of 22, 86%) 
subjects post-cimetidine intake in the fundus and body regions of interest and twenty-one 
(21 out of 22, 95%) subjects in the antral region (the emptying time was nearly unaffected 
in the antral region for subject #14).
Table 8.3 describes the half emptying times for the different types of meals and 
treatments for each ROI. The T50 for all ROIs were; glucose 10%(piacebo) > glucose 
10%(cimetidine) and M!3 meal (placebo) ^  M13 meal (cimetidine) respectively.
To test the hypotheses, we used paired sample t-test (Had 03). This is because the 
observations ai*e paired/correlated as they were obtained from the same subjects. The 
sample size of 22 volunteers is fairly large and hence they ar e approximately normally 
distributed. The paired t-test showed a significant difference (p<0.01) in the emptying 
times between glucose 10% with and "without cimetidine in the whole and in the three 
regions of the stomach (Table 8.3). The f-value of less than 0.05, suggests that the null 
hypothesis is implausible and the trial suggests that cimetidine does affect gastric 
emptying when using liquid or semi-solid meals but in different patterns as will be 
explained later in this chapter.
Gastric emptying cur ves in all regions of the stomach, expressed as per cent retention 
over time, were similar for the initial part of the milkshake study {placebo and 
cimetidine) (see Figur*es 8.4 and 8.5). As can be seen fr*om the profiles of whole gastric 
emptying of the (M3) test meals in the presence or absence of cimetidine (Figure 8.4) that 
small amormts of meal left the stomach during the first 30 minutes of either study.
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However, once the emptying began, both curves diverged but it was significantly slower 
when the subject had received cimetidine. This difference was particularly noticeable in 
the second post-prandial hour. As a result, a significant prolonged half-emptying time 
occurred after cimetidine administration for the stomach and its three regions (Figure
8.5). In contrast, the half-emptying times for glucose 10%(piacebo) were significantly 
greater than that for cimetidine (see Figure 8.6).
Moreover, Figures 8.7 and 8.8 show the half emptying times of the stomach and its three 
regions of interest for glucose 10% solution and M3 meals in individual subjects with and 
without cimetidine.
Table 8.3 Effect of gastric acid suppressant on gastric emptying scintigraphy; the half 
emptying time for the stomach and its three regions using the different type 
of meals and treatments. Data are Mean (SD, SEM) values.
Meal type & Treatment Fundus Body Antrum Total
T50(min)/ROI Mean Mean Mean Mean
(SD, SEM) (SD, SEM) (SD, SEM) (SD, SEM)
Glucose 10% solution + 42.80 54.80 74.70 54.90
Placebo (6.8, 1.5) (9.8, 2.1) (8.5, 1.8) (10.3,2.2)
Glucose 10% solution + 36.10 46.00 62.50 45.80
Cimetidine (10.6, 2.3) (11.5,2.4) (8.7, 1.9) (10.9, 2.3)
Milkshake (M3) + 147.0 196.5 55.80 197.6
Placebo (51.2, 10.9) (76.4, 16.3) (12.2,2.6) (77.1, 16.4)
Milkshake (M3) + 183.7 237.5 66.70 238.6
Cimetidine (56.8, 12.1) (77.9, 16.6) (13.6,2.9) (78.2, 16.7)
Paired t-test Fundus Body Antrum Total
P(G/p, G/c) <0.01 <0.01 <0.01 <0.01
P(M3/p,M3/c) 0.02 <0.01 0.01 <0.01
UniS
179
Chapter (8) Variations o f  the half emptying times.
100 H*
s .
I
100
opq
.S
601I
o '
100
0 10 20 30
Tim e (min)
40 50 60
G l u c o s e l  0 %  ( P l a c e b o )  
M 3  m e a l  ( P l a c e b o )
- • G l u c o s e l  0 % ( C i m e t i d i n ^
- M 3 m e a l  ( C i m e t i d i n ^
Figure 8.5 The half-emptying time of glucose 10% solution and milkshake 
(M3) meals with treatments in a) fundal, b) body, c) antral and 
d) Total (whole stomach) regions of interest. Data are mean 
(SEM) values.
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Figure 8.6 Composite fundus (a), body (b), antrum (c), and total (d) gastric 
emptying profiles of the glucose 10% and milkshake (M3) meals 
{placebo (WÊ ), cimetidine ( ■  )). The data are mean values.
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Figure 8.7 The half emptying times for glucose 10% solution in individual subjects 
with and without cimetidine in a) fundus, b) body, c) antrum, and d) 
Total stomach region of interest.
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In Table 8.3, the anti'al emptying time was accelerated in the glucose 10% solution, 
whereas, decelerated in the milkshake meal (M3) after cimetidine intake. For analysis of 
antral behaviour with the meal type and treatment, the counts over time were quantified 
for this region. Figure 8.9 describes the time activity cui'ves for the antral stomach ROI in 
both simple and complex meals. The results aie inteipreted only for the first 60 minutes 
post-prandial period due to low counts in the anti'um at other times. In a later phase 
(period of times between 70 -90 minutes) there were too few counts in the antrum as a 
result of gasti'ic emptying. The phasic counts represent the ’‘propulsion ’ (low counts) of 
the meal particles towai'ds the duodenum and the ’‘rétropulsion’ (high counts) of the 
duodenal content back into the antrum (Had 02).
Hence, in glucose 10% solution, there were increased phasic excur sions of the radioactive 
counts in the placebo period as compared with cimetidine. Whereas, in the milkshalce 
(M3) meal, the increased contractions were found in the cimetidine period compared with 
placebo study. This supports our findings in Chapter (7) that the gastric emptying 
depends on the antral contractility in simple meals rather than the gasti'ic secretions 
action (see Figures 7.22 and 8.9) and the dominance of antial region in controlling the 
emptying of simple meals.
As mentioned previously in Chapter (3) when a meal enters the stomach, secretion of the 
gastric glands begins. However, because of the simplicity of the glucose 10% meal 
compounds, the function of those secretions are insignificant and added to the meal 
volume by gentle mixing waves and propelled to the antrum after a few minutes. As a 
result, the liquid meals empty in gushes associated with coordinated contractions 
involving the antrum and duodenum.
In a semi-solid M3 (placebo) meal, the mixing waves begin soon after the meal consumption. 
These waves macerate the meal with gentle, rippling, peristaltic movements, mixing it 
with secretions of the gastric glands. Few mixing waves are observed in the fundus, 
which primarily di'ains its contents in the body region. So, more vigorous mixing waves 
begin at the body part and persist for a few minutes (this explains the longer T50 o f the
Uni:
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body as compared with fundus ROI) in coordination with gastric secretions to brealc down 
the meal particles into smaller molecules before propelling them in Üie antrum {Figure 
4,1- Chapter (4)).
Our observations suggest that the fundus and body regions play a role in the emptying of 
semi-solids depending mostly on the fimction of gastric secretions on breaking down the 
meal particles into smaller molecules along with gentle, rippling, peristaltic movements 
in those regions. Whereas, the antral stomach is involved in the emptying of liquids 
depending on the meal volume and coordinated contractions between the antrum and 
duodenum. Antral ROI is independent to the performance of gastric secretions (Col 91).
Additionally, gastric juice seems to have no influence on emptying of simple meals by 
means of breaking down the meal particles into smaller sizes, but once secreted, it 
increases the volume of stomach contents. This interprets the size growth of the 
stomach’s regions in the placebo type when compared with the cimetidine study. As a 
result, the half emptying time in the glucose 10%(pjacebo) meal is longer when compared 
with cimetidine case (see Table 8.4). In marked contrast, a delay in the half emptying 
time was observed post-cimetidine intake with the complex meal. This could be due to 
the absence of gastric secretion, so the trituration process of breaking down of the meal 
particles occur by the gastric contractile activity only, and as a result, a larger size is 
detected and a longer emptying time is recorded.
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The pattern of liquid emptying {in both placebo and cimetidine treatments) was linear 
with an average gradient of -0.89 and -0.95 respectively decreased with time. The 
proportion of the variance in percentage glucose remaining attributable to the variance 
in time is =0.98 for both cases.
Semi-solid emptying from the total stomach was slower for the cimetidine than the 
placebo treatment and was characterised by an initial lag period of up to 30 minutes, 
followed by a decrement linear pattern of a slow emptying phase with average 
gradient of -0.24 and -0.23 for cimetidine and placebo treatments respectively. It is 
mentioned earlier, cimetidine intake in the semi-solid meal delayed the whole 
stomach emptying (see Figure 8.3 and 8.4). This delay was caused by a significant 
increase in the lag period and there was a significant difference (p<0.01) between the 
milkshake meals (M3) {with and without cimetidine) in the emptying time but not in 
the behaviour of emptying pattern. The proportions of the variance in percentage M3 
meal remaining attributable to the variance in time is found to be a follow;
=0.98 (for M3 (placebo)) (8.1)
R^ =0.99 (for M3(cMetidme)} (8.2)
Table 8.5 describes the linear pattern of the emptying behavioui' for both glucose 10% 
and M3 meal (with and without cimetidine) and the proportions of the variance in 
percentage M3 meal remaining attributable to the variance in time in the stomach 
three regions. The semi-solid as well as liquid emptied linearly from the three regions 
of the stomach.
The slower emptying of semi-solids in the cimetidine group could be explained by 
retention in the fundal and body parts of the stomach (see Figures 8.3 and 8.5), this
being greater at 60 minutes (p <0.01) (Table 8.3). However, the antral half emptying
time was shorter than the fundus and body regions in both cases of treatment, which 
reflects the brief period of time of the food particles residence in tire anti'al zone. But 
there was a significant difference (p = 0.01) between the half emptying times of the 
antrum for both treatments and this is an evident that each stomach’s region has a 
different emptying behaviour towards the meal type as well as treatment. The 
variation in behaviour" within each stomach’s region decides the dominance of the 
ROI according to the meal components and gastric secretion.
----------------------U n iS ----------------------
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Table 8.5 The décrémentai linear emptying of the stomach three 
regions with the average gradient and for both types 
of meals (with and without cimetidine). linear trendline
ROI Meal type & Treatment Average gradient Rz
Glucose {Placebo) -1.1* 0.993"3 Glucose {Cimetidine) -1.2 0.97S3 M3 {Placebo) -0.42 0.98
M3 {Cimetidine) -0.24 0.97
Glucose {Placebo) -0.96 0.99
■3 Glucose {Cimetidine) -1.1 0.98OCO M3 {Placebo) -0.3** 0.96
M3 {Cimetidine) -0.25** 0.99
e Glucose {Placebo) -0.66 0.993 Glucose {Cimetidine) -0.75 0.95
3 M3 {Placebo) -0.88 0.98< M3 {Cimetidine) -0.74 0.99
Hence, with the tri-regional methodology and analysis, a quantitative assessment of 
the intragastric distribution of the simple and complex meals (with and without aid o f  
gastric secretions) during gastric emptying is possible. Our studies indicate that this 
approach may be valuable in increasing understanding of the roles of different parts of 
the stomach in the redistribution and emptying of meals in health and disease.
8.5 ElE Assessment of Altered Gastric Emptying by Pharmacological Agent 
and Different Calorific Meals
From the literature, El measurements have proved highly suitable for detecting 
prokinetic drugs in normals and gastric delay during migraine attacks (Boy 90). If this 
translate into H2-receptor blockers then the test will be practical as it can be repeated 
to monitor the effect of treatment. Thus, the purpose of using the El simultaneous 
with scintigraphy is to assess its potential for improving targeting of treatment in 
normals.
The profiles of gastric emptying of the test meals in the presence or absence of 
cimetidine are shown in Table 8.6. Using Paired t-test and Wilcoxon Signed Ranks, 
these values are significantly different (p<0.01) for both types of meals (Table 8.7).
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Table 8.6 The half emptying time in EIE for the different types of meals (with and 
without cimetidine) in all subjects.
T 5 0  ( m i n )  /  
S u b j e c t
G lu c o s e  1 0 %  s o lu t i o n M 3  m e a l
( P la c e b o ) ( C i m e t i d i n e  ) ( P la c e b o ) ( C im e t id i n e )
1 18 .2 2 5 .1 3 1 .7 3 4 .2
» 2 1 .0 2 5 .5 3 5 .0 3 6 .7
* 2 2 .0 2 1 .8 3 7 .0 4 7 .9
I 2 1 .4 4 1 .3 2 6 .5 3 2 .5
♦ 9 .2 18.1 2 4 .1 2 5 .9
1 15.1 2 2 .1 2 7 .2 3 5 .0
1 2 2 .0 2 8 .0 3 2 .8 5 7 .0
t 1 5 .6 2 1 .2 2 6 .0 3 8 .0
1 2 4 .0 2 4 .5 3 1 .6 3 6 .2
I 2 0 .5 3 8 .3 2 3 .0 2 7 .0
1 2 7 .1 3 4 .8 3 7 .4 4 0 .1
♦ 1 5 .0 19 .8 2 8 .0 3 1 .3
7 .4 15 .3 18 .0 2 5 .0
1 12.1 14.1 3 0 .0 4 2 .8
\ 12 .0 18 .5 2 6 .0 3 0 .0
1 1 1 .0 1 5 .4 3 4 .5 3 7 .1
1 7 .4 2 1 .2 1 9 .4 2 3 .0
\ 2 1 .0 2 5 .5 3 1 .7 3 4 .2
t 15.1 22 .1 2 7 .2 3 5 .0
t 1 5 .6 2 1 .2 2 6 .0 3 8 .0
t 1 5 .0 19 .8 2 8 .0 3 1 .3
t 2 2 .0 2 8 .0 3 2 .8 4 6 .0
M ean 16.8 2 3 .7 35 .6
S D 5.5 7.0 5.2 7.9
S E M 1.2 1.5 1.1 1.7
Table 8.7 Different statistical tests ap plied to compare between mea s & treatments
S t a t i s t i c a l  t e s t s P  IG (p ) ,G (c ) | /» |M 3 (p ) ,M 3 (c ) | P  [G (p ) ,M 3 (p ) | P |G ( c ) ,M 3 ( c ) |
P a i r e d  t - te s t <0.01 <0.01 <0.01 <0.01
W ilco x o n  S ig n ed  R a n k s  
te s t
<0.01 <0.01 <0.01 <0.01
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Figure 8.10 depicts that the meal retention in the stomach was increased for 
cimetidine as compared with placebo. The EIE-T50 results were significantly shorter 
before and after cimetidine administration compared with scintigraphic results in 
Table 8.2 for both types of meals. The individual T50 of liquid and semi-solid test 
meals values for each of the 22 subjects (pre and post-cimetidine administration) is 
shown in Figure 8.11. Gastric half emptying time of glucose 10% solution was 
delayed after cimetidine in twenty (20 out of 22, 91%) individuals whereas in two 
subjects, it was virtually unchanged. Whereas, the T50 of milkshake (M3) meal was 
decelerated in all subjects post-cimetidine intake (see Figure 8.12).
50
.5 40 -E P< 0.01 for all
0)I 30 -
O)
d . 2 0 -
E0)
(0X
Glucose 10% Glucose 10% Milkshake (M3)
(Placebo) (Cimetidine ) meal (placebo)
Meal type & Treatment
Milkshake (MS) 
meal (Cimetidine)
Figure 8.10 The half emptying time for the glucose 10% and milkshake (M3) meal pre- 
and post-cimetidine administration. Data are mean {SD) values.
The impedance envelope behaviour of the EIE during the ingestion phase induced by 
cimetidine was no different from placebo for both types of meals. On the other hand, 
a rapid decline in the measured gastric impedance was found in both glucose 10% and 
milkshake (M3) meals accompanied with placebo post-prandially as compared with 
the cimetidine studies (Figure 8.13). Statistical tests show a significant difference of 
the T50s (p<0.01) between placebo and cimetidine in each meal type (Table 8.5). 
Figure 8.13 shows a slow decline in the impedance values within 2-5 minutes post- 
prandially for placebo studies and the established post-prandial baseline was at an 
earlier time in all types of meals than that of the scintigraphic results.
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60 -
i l  30
SI S2 S3 S4 S5 S6 S7 S8 S9 SIO S ll S12 S13 S14 S15 S16 SI7 S18 S19 S20 S21 S22
Number of sutgects
Qucose (placebo) 
M3 meal (placebo)
I Qucose (cimetidine) 
M3 meal (cimetidine)
‘igure 8.11 The half emptying times (T50s) of the stomach region of interest for 
all subjects against the meal type and treatment. Data are mean 
{SEM) values.
60 1 
50 - I
(0® 40
l a oÇ
s  20
10 - I
P laceb o  Cimetidine
Glucose 10% solution
Placebo Cimetidine
M3 meal
‘igure 8.12 The gastric half emptying times in individual subjects with and without 
cimetidine.
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8.6 Interpretation of Stomach’s Emptying Behaviour of Meal labelled with 
Pharmacological Agent in EIE
It was mentioned eaidier that EIE is a simple, non-invasive, not-risk inducing 
technique, promising but needing further evaluation. Previous studies claimed that in 
EIE, the measured impedance changes are proportional to gastric volume regardless 
of the meal type (Sut 84), while others suggested that the altered impedance deflection 
is related to the gastric secretion post-prandially (Gio 00).
In marked contrast, when food is ingested, it is accommodated in the normal stomach 
by relaxation of the fundus and upper body. This relaxation, in part by the act of 
swallowing and in part by proximal gastric distension. As a result, the gastric acid 
secreted into the lumen by parietal cells of the gastric mucosa (Chapter 3) and 
digestion phase begins by mixing the food with gastric HCl acid secreted in high 
concentrations. In order to propel the food paiiicles to the duodenum, the gastric 
contents have to be acidified down to a pH of about 2 (Sle 98 and Mai 76). The 
gastric acids continue to be secreted until the required acidification of the gastric 
content is achieved and then starts to decline due to negative feed back mechanisms to 
maintain the necessary acidic enviromrrent and avoid any over-acidity (Figure 8.14).
But, why EIE represents results of shorter half emptying times than the schintigraphic 
results whether blocking of the gastric acid secretion is applied or not? The process of 
acidification is expected to affect noticeably impedance measm'ements in addition to 
gastric emptying of the meal contents that takes place at the same time and may 
support the hypothesis that gastric impedance measurements may be reflect acid 
concentration (Gio 00) in the stomach as well as the gastric contents volume (Sut 84).
This study showed that suppression of gastric acid secretion with therapeutic 
doses of gastric acid suppressant {cimetidine-orally) is associated with delayed gastric 
emptying of both liquid and semi-solid meal significantly (P<0.01) but those T50s 
were shorter when compared with scintigraphic values. In addition, the two methods 
have produced conflicting results on the effect of cimetidine on glucose 10% 
emptying behaviour [T50 glucose(piacebo)< T50 glucose(cimet{dine) in EIE whereas, T50 
glucose(piacebo)> T50 glucose(cimetidine) in Scintigraphy].
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PAO
30
Acid 2,  
Secretion 
{mmol! hr) 15
180 240120
Time (min) 
Post-meal
pH
240180120
(b)
Time (min) 
Post-meal
Meal
Titratable acid 
(mEqilOmin) Mean
iSEIVI
Time (hour)
Figure 8.14 Gastric acid secretion with a) intra-gastric titration to pH 5.5 and in 
b) intragastric pH, following a sirloin steak meal in control 
subjects. The time delay of the peak acid output in respect to pH 
peak and c) acid output post-ingestion of solid/liquid meal in 
healthy subject (reprodfrom Sle 98 and Mai 76).
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Using Paired t-test and Wilcoxon Signed Ranks test, these values are significantly 
different (p<0.01) between the two methods. It is most probably an indication that the 
drop of gastric impedance is a function of the secretory status of the stomach.
When focusing on the pre-prandial baseline after cimetidine administration, it can be 
noticed that the baseline is drifting slightly upwards almost parallel to the time axis 
for both types of meals (see Figure 8.15). This was not observed with the placebo. 
The upwards drifting may be attributed to the blocking of gastric secretion and a 
diminution of the amounts of acid slowly from the stomach’s body. An attempt was 
made to quantify these observations (see Table 8.8). When the cimetidine was 
introduced, the pre-prandial baseline exhibited a slightly higher impedance in 18 out 
of 22 subjects (82%) for the glucose meal and 20 out of 22 subjects (91%) for the 
(M3) meal. This may be attributed to reduced amounts of gastric acid being gradually 
secreted from the stomach. Also, it was noticed that the baseline was drifting slightly 
downwards for 1 out of 22 subjects (4%) for the (M3) meal. As a result, it is believed 
that the upward drifting of the pre-prandial baseline may be due to reduced acid 
amounts within the stomach.
Table 8.8 Percentages of the trend types observed in the pre-prandial impedance for 
all subjects and meals. (* P-P.I.B is Pre-prandial impedance baseline).
*Trend of P-P.I.B / meal type Upwards No change Downwards
Glucose 10% {Placebo) 1 (4%) 18 (82%) 3 (14%)
Glucose 10% {Cimetidine) 18 (82%) 3 (14%) 1 (4%)
Milkshake (M3) {Placebo) 1 (4%) 17 (78%) 4(18%)
Milkshake (M3) {Cimetidine) 20 (91%) 1 (4%) 1 (4%)
Studies have shown that a pH change of 2.5 is found in a fasting stomach (Ver 95, Sle 
98). In our studies, during the filling phase in both types of meals {with and without 
cimetidine), the initial rise in impedance is due to increased gastric volume in addition 
to the decreased gastric conductivity. Change in gastric conductivity is due to mixing 
the meal with the existing gastric ions present during the interdigestive phase (see 
Chapter 3). But throughout the digestion phase in both types of meals {with placebo), 
gastric acid secretion begins and the gastric ionic contents increase significantly 
caused by a rise in the [H^] and thus the conductivity increases and leads to an 
increase of the overall gastric volume.
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Hence, an earlier and rapid decline in the impedance trace is recorded in the gastric 
emptying measurement.
a  0.6
40.0 50.0
Time [Minutes)
a  0.6
10.0 20.0 30.0 40.0 50.0 60.0 70.0 80.0
Time (Minutes)
90.0 96.7
Figure 8.15 Profile of the epigastric impedance from the same subject 
with glucose 10% a), and (MS) meal b) with cimetidine.
On the other hand, a slow decline in the impedance trace is recorded in our studies 
during the post-prandial phase in both types of meals {with cimetidine). This can be 
attributed mainly to the changes in the gastric conductivity after mixing the meal with 
the additional or earlier existing ions which lead to a slow rise in the conductivity and 
a delay in the drop of the impedance trace. As a result, the T50 of glucose 
1 0%(piacebo)'^  T50 of gluCOSe 1 0 /O (c im e t id in e )  Und T50 of M3(piacebo)*^  T50 Ot ^^3(c im e t id in e )  
in EIE results.
Our results suggest that it is worthwhile to use a histamine type-2-receptor blocker to 
inhibit gastric acid secretion as there are considerable positive aspects which allow us
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to study how gastric acid secretion occurs and how much acid is secreted for varieties 
of meals.
8.7 Conclusions
Gastric acid secretion progresses hastily during the digestion phase for the triple chore 
of protection of the human gastrointestinal tract from any possibility of bacteria- 
microorganisms ingested; hydrolysis of the basic common constituents of the food, 
such as CHO, fat or protein; and breaking dovm the food particles into a size small 
enough to be propelled towards the duodenum.
In practice, it has been found that the author’s proposed method of defining the 
scintigraphic tri-regions of the stomach images to be clinically useful to outline the 
function of each division of the stomach individually, as well as studying the impact 
of gastric secretion behaviom* in each division.
The functions of the stomach’s three regions in gastric emptying, however, may vary 
according to the nutrient content of the meal, since increasing the calorific content of 
the meal has been shown to delay fundus and body emptying and suppress antral 
activity.
The scintigrahic study shows that the distribution of liquid in the total human stomach 
and its three regions differs noticeably from semi-solids when both are fed with and 
witliout cimetidine (Figur*e 8.16). On ingestion, the glucose 10% meal (for both 
placebo or cimetidine) rapidly dispersed throughout the fundus and body parts with no 
evidence of preferential storage in the fundal stomach (the fundal T50 was shorter 
than the T50 o f  the body region) and then drained into the antrum (Figure 8.5). When 
gastric secretion is blocked, the increased liquid volume diffused rapidly throughout 
the antrum and emptied after a minimal lag period with a noticeable delay. This delay 
was associated with increased retention of the liquid in the antral region. There was a 
slight difference between liquid and semi-solid meals in the antral stomach retention 
of both meals and in the linear* behaviour of emptying patter*n.
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Figure 8.16 Scintiphotographs showing the distribution of the glucose 10% 
solution (with placebo) at 1,2, ..., up to 12 minutes. The initial observation 
of meal emptying was at 10 minutes post ingestion.
The milkshake (M3) meal particles exist mainly in the fundus and body regions for 
the trituration process and it is evident that both fundus and body regions act as a 
reservoir areas. The particles of the complex meal are then redistributed gradually to 
the antral stomach during the lag phase depending on the stomach contractions for the 
digestion phase. The semi-solid is then emptied linearly from the antrum.
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So, blockading of gastric secretion using cimetidine delayed the whole stomach 
emptying of the semi-solid components (Figure 8.4). This delay was caused by a 
significant increase in the lag phase period in the body part. Milkshake (M3) meal 
seemed to be retained largely in the body region. These scintigraphic results support 
the concept tliat tlie body region represents well the overall emptying time of the 
whole stomach (Had 02).
Why do semi-solids not redistribute in the same way as liquids when blocking gastric 
acid secretion? What is responsible for retention of semi-solids in the fundus and the 
body? The striking emptying discrimination between the two phases strongly suggests 
the presence of a ‘physical banier’ that delays the access of semi-solids into the antral 
stomach but hastens passage of liquids. Collins and his colleagues (Col 91) have 
observed a mid-gastric transverse band and argued that it may play an important role 
in the redistribution and emptying of solid food from the stomach. It seems likely that 
mid-gastr ic contraction band behaviour is responsible for this type of liquid and semi­
solid emptying discrimination.
Observably, the duration of the lag period was identical in the two scintigraphic M3 
{placebo and cimetidine) studies, suggesting that the retarded gastric emptying 
induced by cimetidine was entirely due to a shift in the slope of the emptying curve 
(Figure 8.4). This is supported by the observation that the time taken from the onset of 
emptying to the point at which half of the meal had left the stomach was significantly 
longer after cimetidine ingestion.
It is mentioned earlier in Chapter (3), gastric emptying is being influenced by several 
factors and the rate of gastric emptying plays an important role in allowing optimal 
digestion of ingested food within the proximal small bowel as well as regulating 
certain metabolic processes such as glucose homeostasis. The stomach has limited 
ability in sensing its contents, and emptying largely depends on feedback mechanisms 
triggered by receptors within the proximal small bowel (Spe 90, Azp 90, For 90, Ray 
88 and Mel 91). Our* experiments with the liquid meal suggest that the contribution of 
cimetidine in inhibition of gastric lumen secretion delays gastric emptying of that type 
of meal. Glucose 10% meal seemed to be retained largely in the antr al stomach. These
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data do not support the concept that the fundus as well as gastric acid secretion are 
primarily responsible for controlling the rate of emptying of non-nutrient liquids but 
agreed with the opinion that suggests instead a major role for the gastric antrum (Col 
91) accompanied with volume of the gastric contents. A manometric study by 
Houghton and others (1988) suggested that the suppression of antral activity and the 
increased phasic pyloric activity could account for the pooling of the liquid meal in 
the antrum.
The delay and pooling small amounts of fatty milkshake after cimetidine 
administration in the antrum was associated with a slower redistribution from the 
fundus and body regions to tlie antral stomach with a slight increase in either the 
anti'al residence time and the semi-lineai' time of emptying. These results suggest that 
the redistribution is a major component of the lag phase, and support our previous 
findings that the gastric fundus and body have an important role to play in the 
emptying of semi-solids with the aid of gastiic acid secretion, whereas, the antral 
stomach is responsible of controlling the emptying of liquids. Collins and others 
(1991) suggested that this role may be due to the contiaction of the fundus which 
primes the antral pump, pressing solid material down into the antrum to be gradually 
disrupted by antral conti'actions until particles aie small enough to pass thiough the 
pylorus. So the interaction of meal with duodenal receptors would be expected to 
relax the fundus, tending to alter the balance of forces in favour of fundal and body 
regions of the stomach retention.
These findings underline that each pai’t of the stomach’s regions does play a role in 
the emptying of nutrient and non-nutrient meals. However, the domination of each 
region may vary according to the calorific content of meal, meal volume and the 
presence or absence of gastric secretion. Our scintigraphic study indicates that, a 
quantitative assessment of the inti’agastric distribution of simple and complex meals 
during gastric emptying may be valuable in increasing understanding of the roles of 
different parts of the stomach in the redistribution and emptying of meals.
The overall conclusion, the proposed method of defining the stomach’s three regions 
may provide the most accurate, infomiative non-compliable method to quantify 
gastric emptying behaviour' in different parts of tlie stomach in health and disease.
Uni
203
Chapter (8)  Variations o f  the half emptying times.
In EIE results, the additional or previously secreted gastric acid {the earlier acid 
secretions existed in the stomach prior to meal administration with the cimetidine 
intake) during the interdigestive phase increases the conductivity of gastric content 
and as a consequence, there is a drop of impedance, which results in a shorter 
estimated emptying time. In addition, the underestimation of the impedance 
measurement values post-prandially as well as the conflicting emptying behaviour in 
simple meals when compared with the scintigraphic results may not represent the 
meal half emptying times exclusively. Indeed, it may be attributed to mixing of the 
meal (regardless o f its type) with the gastric secretions poured into the lumen during 
the digestion process, which increases the gastiic content volume. Also, gastric 
secretions are highly acidic (pH<2) and rich in ions which, result in an additional 
rise in the gastric content’s (post-meal ingestion) conductivity and a rapid decline in 
the gastric impedance trace.
As an overall conclusion, electrical impedance epigastrogiaphy changes resulted in 
different T50s behaviour and shorter half emptying values when compai’ed with 
scintigraphy. The initial impedance deflection pertains to the mixing and dilution of 
the intra-luminal content by the ingested meal (Gio 00) and the short post-prandial 
envelope value after gastric acid suppression as compai'ed with scintigraphy may be 
due to conductivity changes of the gastric content. So, the changes in conductivity 
have a considerable contribution to impedance changes pre- and post-cimetidine 
intake.
The EIE results show suspension in gastric emptying times occin for both types of 
meal after gastric acid suppression and this could also be affected by prolonged 
gastric distension due to longer gastric retention of the liquid or semi-solid meal (see 
Figure 8.17). Whereas, in the noimal state, the impedance drop post-prandially may 
be due to the gastric emptying due to reduced volume as well as increased in the 
gastric lumen as a result of stimulation of gastric acid secretion.
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Figure 8.17 Impedance traces behaviour for the M3 meal and different treatments 
"placebo ' and 'cimetidine' for the same subject. (For comparison purposes, a 
correction factor was applied to the lower impedance values in order to 
maintain the same level o f  the impedance peak for the both un-normalised 
traces as follows:
t^iX(iffipy,alue of first meal) ~ k4in(imp value of second meal) ~ (difference of both values) (8.3/
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CHAPTER (9) 
Discussion & Summary of Conclusions 
9.1 Conclusion
Over the past three decades, considerable interest has focused on the measurement of 
gastric emptying rate in man. If a valid, accurate and repeatable measure of gastric 
emptying rate is required then scintigraphy provides the easiest approach. The 
contribution of altered gastric motility as a determinant of symptoms of a variety of 
gastrointestinal diseases has resulted in a situation where assessment of gastric 
emptying rate is becoming more prevalent in clinical practice. Scintigraphy, with 
appropriate labelling of the test meal components and appropriate processing applied 
to the images obtained, is the method of choice for clinical investigation of disturbed 
emptying patterns and can be applied to solid, semi-solid and liquid meals.
FuiThermore, scintigraphy permits assessment of the overall motor function of the 
stomach but more recently the role of gastric regions contractions have been 
investigated as well as modifications of scintigraphic measurements and processing of 
gastric emptying rate have continued to be undertaken by using the dynamic imaging 
of the stomach and dividing it into proximal and distal regions, "di-regional method’, 
to study the behaviour of each region and to follow up the behavioui* of antral 
contraction and emptying time. However, it is believed that insufficient infoi*mation 
can be extracted from this way of analysis as it excludes the actual functional 
pathology within the stomach’s three regions (fundus, body and antrum) and results in 
misdiagnosing the abnonnality of regional contraction and emptying or failure of 
treatment. Also, the current method of defining the stomach and its regions neglects 
the dominance of the stomach’s three regions in controlling the emptying of different 
types of meal as well as their contribution in the tiituiation process with the aid of 
gastric secretions.
So far, the progressing ai'guments that prevail concerning the importance of antral 
contraction as a regulator of meal emptying have not been resolved. The fundal and 
body parts of the stomach are important reservoir of solid foods and have the ability 
to selectively retain lai'ger molecules of food, in contrast, liquids drop quickly in 
upright subjects from the fundal to antral stomach, from where they are expelled. As a
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result, these observations suggest that the flmction of the fundal, body and antral 
regions of the stomach cannot be regulated solely by the emptying of liquids and 
semi-solids respectively. Despite the statement that liquids may empty in the absence 
of antral contractions under many conditions, their emptying can be correlated with 
antral contractions.
Hence, the role of the stomach’s three regions (fundus, body and antrum) in emptying 
liquids and semi-solids from the stomach remains unclear. In this research, we have 
quantified emptying of liquid and semi-solid meals from those tliree regions. We 
found the usefulness of this method in studying normal gastric tii-regional physiology 
and the effects of different types of meals and drug on the behaviour of each gastric 
division. Clinically, this may help in detecting any disorder or abnonnality within 
stomach regions.
Abnormalities in gastric emptying have been documented in a wide variety of clinical 
conditions. Patients usually present with non-specific symptoms such as intermittent 
or constant nausea, vomiting, bloating, post-prandial abdominal pain. Initial work-up 
usually includes plain X-rays, abdominal ultrasound, upper GI series with contrast 
and/or upper GI endoscopy. These studies are used to rule out mechanical causes like 
tumors or other anatomic pathologies. If these modalities fail to explain the patient’s 
symptoms, motility disorders within the stomach regions should be considered.
In spite of the fact of the widespread use of scintigraphic measmement of gastric 
emptying rate in humans, controversies concerning imaging techniques have 
continued to inhibit test and processing standaidisation. The new method of 
inteipreting and processing the scintigraphic images in Chapter 7 of this thesis have 
highlighted the importance of choosing frames from the beginning, middle and end of 
the study especially after the use of anterior and posterior combined images in order 
to maintain the mostly inclusive-anatomical shape of the stomach. Dividing the 
stomach into its three parts have spotlighted on the importance of studying the 
behaviour of each region towards the different types of meals individually and the 
emptying pattern post-gastric secretion blockage.
Scintigraphic studies canied out in dogs and humans suggest that digestible food must 
be reduced to particles less than 1 mm in diameter before they will empty fiom the
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stomach (Mey 79 and Mey 81). The commonly accepted model for gastric emptying 
suggests that the mechanical action of the ‘antral mill’ is responsible for the trituration 
and subsequent emptying of digestible food from the stomach, although it is possible 
that acid and pepsin in gastric secretions also help to fragment food particles by 
breaking down connective tissue proteins. The H2-receptor antagonist cimetidine 
inhibits gastric acid and pepsin secretion (Pou 77, Aad 77 and Lon 77) and might 
therefore affect gastric emptying of meals by delaying disruption of large and fatty 
fragments of food into a fine particulate suspension.
The importance of measuring the gastric emptying rate has been underscored with the 
development of pharmacologic agents that exert powerful prokinetic effects on gastric 
emptying. We have continued to investigate this compound, which seems to be more 
prevalent in clinical practice in the studying of emptying behaviour of the stomach’s 
three regions accompanied with liquid and semi-solid meals. Knowledge in this area 
has been somewhat problematic because of the controversy of opinion and results 
from different laboratories and institutions. The rate at which radiolabelled test meals 
emptied from the stomach before {T50=55±2.2 for glucose and 198±16.4 for M3 
meal) and after (T50=46±2.3 for glucose and 239±16.7 for M3 meal) acid secretion 
had been blocked by cimetidine. As a result, we approached a conclusion that gastric 
secretions have a physiological role in the breakdown and emptying of liquids and 
semi-solids and it has various actions in the different zones of the stomach (Table 9.1)
Table 9.1 Effect of gastric acid suppressant on gastric emptying scintigraphy; the half 
emptying time for the stomach’s three regions using the different type of 
meals and treatments (KCCC data). Data are Mean (SEM) values.
Meal type & Treatment Glucose 10% solution Milkshake (M3)
T50 (min) ±SE M  /  ROI Placebo Cimetidine Placebo Cimetidine
Fundus 42.8±(1.5) 36.1± (2.3) 147±(10.9) 184±(12.1)
Body 54.8±(2.1) 46.0± (2.4) 197±(16.3) 238±(16.6)
Antrum 74.7±(1.8) 62.5±(1.9) 55.8± (2.6) 66.7± (2.9)
Moreover, this delay in the semi-liquid emptying results from a decline in the slope of 
the emptying curve; ingestion of cimetidine did not change the duration of the lag 
phase. Previous studies have indicated that the lag phase probably represents a period 
in which food is re-distributed from the antrum to the ftmdus and that it is terminated 
by the onset of coordinated antro-duodenal contractility propelling chyme into the
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duodenum (Hou 90). So the post-prandial period can be viewed as the time taken for 
the process of trituration to occur as well as particle disruption. The scintigraphic 
analysis of the three regions of stomach have indicated that an intact antral mill is 
responsible for regulating the process of liquid emptying in cooperation with the 
duodenum.
Research into gastric emptying has usually focused on physiological meals {i.e. solid 
meals), which due to their complexity will produce varying emptying rates and take a 
long time to empty, the more so when the stomach is malfunctioning. From the 
standpoint of a clinical work, a more standard meal, emptying rapidly and more 
consistently is a much more practical proposition and more likely to detect small 
differences between subjects. Hence, a liquid and semi-liquid meals were used. They 
have proved highly suitable for detecting prokinetic drugs in normal subjects (in both 
scintigraphic and EIE techniques).
Additionally, little is known about the contribution to liquid and semi-solid emptying 
made by gastric acid secretion although these types of meals are the true reflection of 
the man daily dietary. As we have investigated the effect of inhibiting gastric 
secretion on the rate at which a liquid or semi-solid test meal emptied from the 
stomach, the results of this study show that oral administration of cimetidine slows the 
emptying of nutrient food from the stomach. Block off gastiic secretion by cimetidine 
was associated with an appreciable delay in the half emptying times of semi-solid 
(M3) meal but not of the simple (glucose 10%) one (see Table 9.1). From the 
literature, digestible foods are retained by the stomach during the post-prandial period 
until they have been reduced to a slurry of particles most of which are less than 1 mm 
in diameter. This was shown in both the human and canine studies (Mey 79 and Mey 
81). At the same time as the contribution of peptic digestion to the trituration process 
was reduced by ingestion of cimetidine, the rate at which food was evacuated fi'om 
the stomach was significantly delayed, seemingly the time talcen to reduce it to 
particles of a sufficiently small size to leave the stomach was increased.
Solids and liquids were propelled from the stomach by antral peristalsis after being 
stored in the proximal stomach were proposed by early theories (Mey 87). The stored 
material was gently pushed toward tlie antrum, and the greater inertia of solid 
particles led to their slower pattern of emptying compared with that of liquids. Also,
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several obseiwations suggested that the emptying of solids and liquids occur by quite 
different and distinct mechanisms. In fact, surgical resection of the fundus increases 
liquid emptying without altering that of solids, whereas antrectomy has the opposite 
effect of increasing solid emptying without altering liquid emptying.
Despite the fact that ingested fat readily becomes liquid at body temperature and may 
be easily dispersed into tiny particles, the emptying of fat remains controversial. 
Essentially, the emptying of triglyceride is similar to that of solid food, with an initial 
lag phase followed by a slow linear* phase. A number of mechanisms may be 
responsible for the pattern of emptying, including the layering of less dense lipid on 
the top of gastric chyme and adherence of fat to the hydrophobic siuface of solid 
particles. A study by Houghton and his colleagues (1990) showed that the addition of 
fat to a liquid test meal modified the intragastric distribution of fluid. The addition of 
margarine to the liquid meal delayed emptying by increasing the lag period and 
decreasing the slope of emptying. The increased lag phase was shown to be related to 
a redistribution of the liquid back into the proximal. Infusion of lipid into the 
duodenum caused redistr ibution of solid food from distal to proximal regions of the 
stomach and a reduction in proximal tone. It seems likely that interaction between 
lipid and fat receptors in the duodenum caused a reduction in fundal tone with 
redistribution of food from distal to proximal stomach. Since the proximal stomach 
may prime the distal antrum, a reduction of its tone by fat easily explains the action of 
lipid on gastric emptying.
It is indicated by to our work {KCCC data), both fundus and body regions of the 
stomach are defined as the ‘reser*voir’ areas seen in 20 out of 22 (91%) subjects for* at 
least the first half hour post-ingestion of M3 meal with cimetidine. This holds true for 
the complex meal. In spite of the fact that gastric acid secreted normally with placebo 
intake, smaller sizes of fundus and body regions were observed in comparison with 
M3 meal + cimetidine. This may be attributed to the prolongation of presence of 
milkshake par'ticles, post-cimetidine intake, in those regions as well as slower 
redistribution from fundal and body zones to antral stomach.
Symptoms of stomach malfunction are common. Those due to gastr'ic emptying 
consist mainly of dyspepsia, which is upper abdominal pain or discomfort, bloating, 
inability to eat normal size meals, nausea and in severe cases, vomiting (Sta 92). Non-
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ulcer dyspepsia (NUD) is particularly common with prevalence in the population of 
America ranging from 20% -  30% and an incidence of 1% (Tho 80). It is twice as 
common as peptic ulceration and very costly to society because it often results in 
empirical treatment intended to heal gastric ulcers, including potent inhibitors of 
gastric acid secretion, being given to patients who actually need motility stimulant. It 
accounts for many expensive tests and time lost from work (Tal 93). If treatment 
could be better targeted it would be expected to achieve considerable savings for 
Health Service in consultation time, investigation costs and ineffective treatments and 
for patients, it would reduce delays to effective treatment. This situation is largely due 
to a lack of guidance to treatment from a proven diagnostic test that can be used 
clinically.
Our recent scintigraphic analysis results for gastric emptying {both at RSCH and 
KCCC) have found considerable differences in emptying rates in the fundus, body and 
antral part of the stomach (Had 02) (see Table 9.2). A precedent for this was 
published by Stacher et al (2000), who showed that symptoms due to regurgitation of 
gastric acid occurred more frequently in patients with slow emptying in the fundus as 
opposed to the more distal antrum. Hence, it is possible that NUD patients have 
different emptying patterns from normal subjects that required to be seriously 
investigated via targeting the abnormality within a certain area of the stomach. This 
may be achieved by using the tri-regional pattern of analysis.
Table 9.2 The half emptying times for the whole stomach ( ‘total’)  and its three 
regions in all types of meals {RSCH data). Data are mean (SEM) values.
Meal type Glucose 10% solution Milkshake Milkshake
T50 (min) ±SEM /  ROI (Ml) (M3)
Fundus 29.6 ±(1.4) 53.4 ±(3.6) 168.4 ±(44.8)
Body 45.9 ±(4.1) 58.6 ±(6.3) 195.6 ±(51.7)
Antrum 63.2 ±(4.4) 29.6 ±(3.1) 59.5 ±(3.7)
Total 46.6 ±(4.5) 58.3 ±(5.8) 195.6 ±(50.3)
Delayed gastric emptying may be a significant therapeutic problem in patients with 
diabetic, non-ulcer dyspepsia and idiopathic gastroparesis. Existing ways of 
processing the scintigraphic data are more suited to research where the general 
standard results may be acceptable. For example, it is not possible to localise the 
malfunction within the stomach, even with the 'di-regionaV method, and hence a
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relationship between improvement in both diagnosis and gastric emptying has often 
not been established. But, according to oui* physiological interpretation for the 
different results, it seems that the stomach tii-regional model may be usefiil in 
measuring the response of disordered gastric-regional emptying to pharmacological 
tr eatment, provide a useful qualitative marker and assess the effect of drugs on normal 
emptying patterns of the different regions.
In fact, measurement of the tri-regional gastric emptying rate is finding a more 
general role in tlie investigation of patients with gastric symptoms as well as on an 
individual basis it may be useful in the assessment of patients with symptoms 
suggestive of gastric motor dysfunction within a specific region. Mainly, they may be 
useful in defining disordered motor function in a particular region in patients who 
have symptoms following gastric suigery or symptoms of gastric stasis in the 
presence of autonomic neuropathy or systemic disease. The evidence of gastric 
regions incontinence in patients with dumping syndrome following gastric resections 
may be important in the planning of corrective surgery or drug therapy. Also, 
treatment of gastric motor disorders with prokinetic drugs, such as metoclopramide, 
domperidone or cisapride, can be evaluated by sequential studies of gastric tri- 
regional emptying rate.
In addition, the scintigraphic gastric tri-regions of interest method (Figui*e 7.17) has 
characteristically assessed the gastric emptying by measurement of changes in these 
regions. The rate at which the region counts decreases from maximum soon after a 
meal con'elates with gastric emptying measured epigastrographically. It is however, 
uncertain if gastric emptying of liquids should be related to changes in antral area 
only. In specific, emptying of nutrient and non-nutrient liquids is dependent on the 
relation between motor events in the proximal stomach, antrum, pylorus, and small 
intestine, rather than the motor function of the proximal stomach only (Col 91 and 
Hor 91). It is therefore potentially a determinant of the contents of the stomach’s thr ee 
regions. The factors that regulate emptying differ fundamentally between nutrient and 
non-nutrient liquids (Hor 91) and the feedback from small intestinal luminal receptors 
predominates in the control of nutrient containing liquids. Gravity and intragastric 
volume on the other hand ar e important determinants of emptying of isotonic liquids, 
which empty faster fr om the stomach than nutrient containing liquids.
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Oui' scintigraphic results from RSCH studies showed that the number of pixels rises 
with the complexity of the meal and the significant difference (P < 0.05) among the 
number of pixels for the different types of meals. It is evident that with a fixed 
volume (450mL) for all meals, the calorific density of the meal does affect the 
stomach size. Furthermore, when focusing on the mean stomach size per meal type, it 
was noticed that the mean stomach size increases, as the meal became more complex. 
It is believed that the fatty and high calorific meal needed more grinding mechanisms 
to break down its contents into simple molecules. The phenomenon stimulates higher 
amounts of gastric secretion in the stomach when more complex meals are provided 
and as a result, a larger size of the stomach is achieved due to gastric distension.
It has been mentioned in Chapter (3) that the middle circular layer is the only 
complete muscle layer of the stomach wall. The fibers run from the lesser to the 
greater curvature and increase in number fi'om the fundus distally to the antrum. The 
circular fibers become more concentrated in the antrum and are responsible for one of 
the most important antral functions, gastric emptying. The antral “pump” mechanism, 
together witli the pyloric sphincter, helps to determine the rate of gastric emptying. 
According to the milkshake (M l) and (M3) studies, the antrum has the shortest T50s 
while a delay time was more evident in the other parts. Moreover, the functions of the 
fundus, body and antrum in terms of gastric emptying, may vary according to the 
nutrient content of the meal. This is because increasing the calorific content of the 
meal has shown to delay gastric emptying generally in the fundus and body where the 
gastric juice is secreted mainly in those ar'eas. Mixing the meals with these secretions 
and stimulating the digestion process takes awhile resulting to a noticeable delay 
within the fundus and body regions.
On the other hand, due to large amounts of simple liquids received by the antrum, 
they empty in gushes associated with coordinated contractions involving the antrum. 
These findings support the hypothesis that scintigraphic measurements of gastric 
emptying using the tri-regional patter-n are sensitive in quantifying emptying of both 
simple and complex meals. This new method verified fundamentally its ability to 
measur'e the emptying times of the different parts of the stomach between nutrient and 
non-nutrient. In addition, the observed relation between scintigraphic measru'ements 
of the various parts of the stomach and gastric emptying suggests that the antral part
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of the stomach has a role in regulating gastric emptying of liquids and in particular, of 
simple ones (Had 01).
The half-emptying time of glucose for the fundus region was found to be for example 
—29.6 minutes so theoretically the expected complete emptying time in this region 
must be -59.2 minutes. However, the emptying was still in progress after the first 
hour' of meal consumption and this is may be due to large quantity of liquid being 
propelled towards this region more rapidly from the fundus and body regions which 
prevent more molecules to reach the antral region. Hence, a delay in the antral 
emptying was evident for its predominance in controlling the process of emptying the 
simple meals. These large quantities lead to the return of duodenal contents back to 
the pyloric ar ea and elongate the liquid emptying time of the antr'al ROI. Conversely, 
the semi-solid emptying time may not represent the volume of the meal within the 
antrum. Instead, it may represent the amount of processed food molecules only. These 
molecules ar'e then emptied from the antrum, as it is hypothesized that the gastric 
fundus and body play an important role in the emptying of the semi-solids.
Our’ scintigraphic measurements in controls showed that there is a close cori'elation 
between the whole stomach emptying of meals and changes in the body region. These 
findings confirm that increasing the calorific content of the liquid meal delays gastr ic 
emptying in the fundal and body regions (^Hhe reservoir areas""). According to Table 
9.2, the half-emptying time for the body is relatively longer than that of the fundus. 
This can be explained as follows; when the complex meal enters the stomach, mixing 
waves begin with gentle, rippling, peristaltic movements, mixing it with secretions of 
the gastric glands and these ar e observed in the fundus, which primarily functions as a 
storage part. More vigorous mixing waves begin at the body and persist for several 
minutes before intensifying these small processed amounts of the meal as they reach 
the antrum. This is further evident that fundus and body are both functioning as 
reservoir areas. The trituration process that mainly takes place in the fundus and body 
regions allows the antrum to push small amounts of the meal towards the duodenum 
in a shor*ter time.
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Thus, with the tri-regional methodology and analysis, a quantitative assessment of the 
intragastric distribution of the simple and complex meals duiing gastric emptying is 
possible. Oui' studies indicate that this approach may be valuable in increasing 
understanding of the roles of different parts of the stomach in the redistribution and 
emptying patterns of different calorific meals.
Electrical impedance epigastrography (EIE) is able to provide differences with 
statistical significance in the values of the half-emptying time and percentages 
resulting from the post-prandial changes in impedance, if meals of the same volume 
are used but different in calorific and nutrient content. The resulting values are 
generally shorter than expected according to existing knowledge, in the literatui'e and 
the scintigraphic method that was applied simultaneously. The difference becomes 
larger as the calorific and nutrient content becomes higher. It is thus believed that the 
T50s resulting from EIE are unlikely to represent the half-emptying time of the 
ingested meals only. So, what other physiological parameter do they reflect?
It was mentioned eai'lier that EIE is a simple, non-invasive, not risk inducing 
teclinique, promising but needing further evaluation. Previous studies claimed that in 
EIE, the measured impedance changes are proportional to gastric volume (Sut 84) 
regardless of the meal type, while others suggested that the altered impedance 
deflection is related to the gastric secretion post-prandially (Gio 00).
In marked contrast, when food is ingested, it is accommodated in the normal stomach 
by relaxation of the fundus and upper body. This relaxation, in pai't by the act of 
swallowing and in part by proximal gastric distension. As a result, the gastric acid 
secreted into the lumen by parietal cells of the gastiic mucosa (Chapter 3) and 
digestion phase begins by mixing the food with gastric HCl acid secreted in high 
concentrations. In order to propel the food particles to the duodenum, the gastric 
contents have to be acidified down to a pH of about 2. The gastric acid continues to be 
secreted until the required acidification of the gastric content is achieved and then 
starts to decline due to negative feed back mechanisms to maintain the necessary 
acidic environment and avoid any over-acidity.
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Most of the previous studies were based on the inverse proportionality between 
changes in volume and impedance (Sut 89, Fen 92). The changes in the conductivity 
of the gastric content because of the gastric secretions were considered as 
interference, which was introduced as an error in the emptying rates (Avi 87). In order 
to overcome this interference, a number of researchers tried to block gastric acid 
secretion using inhibitoiy drugs such as cimetidine (Man 88), which results in an 
enhanced repeatability^ and also omeprazol. The T50s with omeprazol and cimetidine 
pre-tieatment were shorter than with placebo using electrical impedance tomography 
(Eva 90). Another study (Gio 00) described longer T50s by 10% with omeprazol pre­
treatment using the non-conductive and high calorific meal (milkshake (M3)).
Under gastric acid secretion suppression, delayed gastric emptying is expected since 
the chemical factor for disinfection and elimination of the food particle size is 
diminished and falls between 5% - 10% of its normal secreted amounts (Ker 91). A 
study by Wyk and his colleagues (1994) showed that the gastric emptying of liquids 
with omeprazol pre-treatment was delayed significantly during the first 45 minutes 
post-prandially using paracetamol absorption method. Moreover, in another research 
lab, Kerrigan and others (1991) indicated that cimetidine pre-tr eatment decelerates the 
stomach half emptying time of a burger meal fiom 146 ± 15 minutes to 187 ± 16 
minutes using scintigraphic method. On the other hand, other studies on gastric 
emptying rates after pre-tr*eatment with gastric secretion suppressants showed 
contradictory results; an increase (Hou 87, Hus 84) or no change in T50 (Log 78, Par' 
84).
In 1988, Baxter and his colleagues (Bax 88) attempted to relate the geometi'y and 
conductivity dependence of the measmed impedance by instilling liquid test meals of 
the same volume but different pH or same pH with different volume as well as 
different conductivity using EIT. They concluded that the impedance changes were 
closely correlated with changes in volume, acidity and the total conductivity and 
hence, the gastric impedance measru'ements follow the acidity of the gastric contents 
which depends on the gastric acid secretion. McClelland and Sutton (1985) had 
measured the conductivity of the gastric content during the digestion phase using 
aspiration. A change was detected from 2.23 mS/cm at the star't to 2.55 mS/cm (14%) 
after 5 minutes to 3.4 mS/cm (52%) after 10 minutes and so on for 500 mL of orange
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squash. They concluded that the changes in conductivity have a major contribution to 
impedance changes. Hence, a general understanding from the previous studies is that 
gastric volume, acidity and conductivity influence similaiiy the measur ed impedance. 
When an acid inhibitor is used, the physiological digestion condition is modified and 
the observations may not reflect the true conditions. The inhibitors reduce tire gastric 
acid output but not inhibit completely the formation. A study (Ver 95) with 24 hour* 
ambulatory intra-gastric pH measurements in H pylori, with and without omeprazole 
treatment, observed that under omeprazole treatment controls showed an increase of 
pH by half or one pH unit. Hence, it was concluded that acid secretion is not inliibited 
completely using omeprazole, but tliere is a shift to higher pH values within the acidic 
range on omeprazole treatment. Our observations (fi'om the KCCC data) suggest that 
the pre-prandial baseline, after cimetidine administration^ is drifting slightly upwards 
almost parallel to the time axis. This was not observed with the placebo. The upwar'ds 
drifting may be attributed to the blocking of gastric secretion and a slow diminution of 
the amounts of acid from the stomach’s body. Wlien the cimetidine was introduced, 
the pre-prandial baseline exhibited a slightly higher impedance in ,18 out of 22 
subjects (82%) for the glucose meal and 20 out of 22 subjects (91%) for the (M3) 
meal. This may be as a consequence of reduced amounts of gastiic acid being 
gradually secreted from the stomach. Thus, it is believed that the upward drifting of 
the pre-prandial baseline may be due to reduced acid amounts within the stomach.
Studies have shown that a pH change of 2.5 is found in a fasting stomach (Ver 95, Sle 
98). In our studies, duiing the filling phase in both non-conductive types of meals 
{with and without cimetidine), the initial rise in impedance is due to increased gastric 
volume and decreased gastric conductivity. Change in gastiic conductivity is due to 
mixing of the existing gastric ions with the meal. But throughout the digestion phase 
in both types of meals {with placebo), gastiic acid secretion leads to an increase of the 
overall gastric volume and when the gastiic ionic contents increase significantly 
caused by a rise in the [H"^ ], it will increase the conductivity. Hence, an earlier and 
rapid decline in the impedance trace is recorded in the gastric emptying measurement.
On the other hand, a slow decline is recorded during the post-prandial phase in both 
types of meals {with cimetidine). This can be attiibuted mainly to the slow rise in the 
gastiic conductivity after mixing the meal with the additional or existing ions present.
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A s a result, the T50 of gluCOSe(piacebo) < T50 of gluCOSe(cimetidine) and T50 of M3 (p la c e b o )  
< T50 of M3(cimetidine) In EIE results.
In addition, this study showed that inhibition of gastric acid secretion with therapeutic 
doses of gastric acid suppressant (cimetidine-orally) is associated with delayed gastric 
emptying of both liquid and semi-solid meal significantly (f<0.01) but those T50s 
were shorter when compared with scintigraphic values (see Tables 9.1 & 9.3). On the 
other hand, the two methods have produced conflicting results on the effect of 
cimetidine on glucose 10% emptying behaviour (T50 glucose(piacebo) < T50 
glucose(cimetidine) In EIE whereas, T50 glucose(piacebo) ^  T50 glucose(cimetidine) in 
Scintigraphy). Statistical tests showed that these values are significantly different 
(p<0.01) between the two methods.
Table 9.3 The mean half emptying time for the different types of meals (with and 
without cimetidine) using EIE method. (KCCC data).
Meal type & Treatment Glucose 11)% solution Milksha ke (M3)
Placebo 
1 6 .8  
(5 .5 . 1.2)
Cimetidine Placebo
2 3 .7  2 8 .8  
(7,1.5) {5.2, 1.1)
Cimetidine
3 5 .6
{7.9, 1.7)
T50(min)
Mean
± (SD, SEM)
The following question arises: why EIE represents results of shorter half emptying 
times than the scintigraphic results whether blocking of the gastric acid secretion is 
applied or not? The process of acidification is expected to affect noticeably 
impedance measurements in addition to gastric emptying of the meal contents that 
takes place at the same time and may support the hypothesis that gastric impedance 
measurements may be reflect acid concentration (Gio 00) in the stomach as well as 
the gastric contents volume (Sut 85). According to our results, it may be an indication 
that the drop of gastric impedance is a function of the secretory status of the stomach 
in addition to the gastric volume.
In addition, calculation of the gastric half emptying times (from RSCH data) for the 
different calorific meals using EIE resulted in considerably shorter half emptying 
values in comparison with the scintigraphic ones and the discrepancy becomes higher 
as the meal increases in calorific value (see Tables 9.2 & 9.4). This may reflect the 
gastric emptying physiological process, which lowers the impedance at a faster rate
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rather than that due to gastric emptying only. Also, statistical tests, showed that there 
is a significant difference (P<0.01) between both techniques when comparing the half 
emptying results of each meal separately.
Table 9.4 Gastric mean half emptying time in EIE for glucose 10% solution. 
Milkshake (Ml and M3) meals. (RSCHdata).
T50 (min) Glucose 10% solution Milkshake Milkshake
(Ml) (M3)
Mean 15.5 18.2 26.3
± (SD, SEM) (6.2, 2.2) (7,2.j[) rz.y, 2.5)
Having the status of the histological and physiological characteristics of the gastric 
mucosa variation according to meal type, it is important to have knowledge of the 
impedance behaviour towards it. When a liquid (non-conductive) meal is 
administered, the impedance trace declines. The distension of the gastric mucosa 
becomes a stimulus for gastric acid secretion (see Chapter 3). Thus, H^ ions begin to 
flow across the mucosa where gastric conductivity rises and the gastric impedance 
declines. Subsequently, the H^ ions get mixed with the gastric content until the [H^] in 
the gastric content approaches that of the gastric mucosa causing an equilibrium state. 
As a result, the epigastric impedance in most cases remains the same for a period of 
time generating a post-prandial baseline. It was expected that the gastric impedance 
level would be at about the same level in the fasting state, however, its level 
continued to decline as a result of a continuation of acid secretion prior to 
approaching the equilibrium state.
The measured T50 based on gastric impedance measurements in the present work 
were systematically shorter than those from literature and scintigraphic method used. 
This discrepancy supports the hypothesis that the impedance is changed by the meal 
volume as well as the gastric conductivity controlled by the acid secretion. Thus, the 
post-prandial baseline shows a balance between the flow rate of the [H^] ions across 
the gastric mucosa and the [H^] ions in the gastric content. So, the emptying was not 
completed at the beginning of the baseline but was still in progress and the acidity at 
this stage had reached the necessary upper limit obtained for disinfecting and 
hydrolysing the gastric content. From this time and onwards, a retained flow of [H^] 
ions is maintained and the gastric acid output begins diminishing.
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In both RSCH and KCCC studies, the T50s measured from EIE and scintigraphic 
methods were statistically significant different for all types of meals and especially 
the more complex and higher calorific meals. Another reason may be attributed to the 
prolonged time of the gastric acid secretion required for the mixing and hydrolysis of 
the additional nutrients such as carbohydrates and fat. Since CHO and fat are 
considered as inhibitors of gastric secretion, their volumes were involved as 
stimulants, hence, it is implausible that the decline in the impedance was due to the 
reduced volume only. Thus it is believed that the T50s based on impedance 
measurements describe the half time required for gastric content emptying as well as 
the half time needed for the gastric acidity to reach the required value for the 
digestion process.
As a general conclusion combining the EIE results of all studies, which were 
conducted, is that gastric function is related to gastric acid secretion and the epigastric 
impedance reflects the gastric phenomena controlled by the acid secretion as well as 
the combined meal and gastric content volume.
This thesis has encompassed scintigraphic and electi'ical impedance epigastrographic 
methods in an attempt to develop, validate or investigate frmction of gastric emptying 
in man. However, it is anticipated that further modifications to the methods described 
in this thesis will result in more effective, non-invasive study of gastric emptying and 
motor function in humans.
Ultimately, it is believed that the strength of the scintigraphic tri-regional method lies 
in its ability to measure physiological function of each stomach region and to quantify 
gastric emptying behavioui* in different parts of the stomach in health and disease. 
Further modifications in this method may fulfil the criteria to follow the physiological 
conditions of tri-gastric region behaviour* in filling, digesting and emptying different 
calorific meals in the presence or suppression of gastric secretion.
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9.2 Further work
Further studies towards application of the tri-regional method for assessing patients 
who are suspected of having impaired gastric motility and emptying should be 
considered.
The patients most needing the benefit of better diagnosis and targeted treatment would 
be diabetics with autonomic neuropathy involving the stomach which have a 
miserable existence with constant nausea, loss of appetite and vomiting to the point of 
malnutrition. They need higher than usual doses of motility stimulants and various 
combinations of treatment, which are curi'ently guided by symptomatic responses, a 
slow and inefficient method because symptoms vary greatly from day to day. 
Physicians are understandably slow to change doses without clear* results to guide 
them. The scintigraphic dynamic tri-regional method of analysis can compare the 
emptying of simple and complex meals within the stomach and its three regions with 
the known normal range and monitor increasing doses and combinations of treatment 
until optimum rate is achieved while staying below doses that cause side effects. 
Hence, further investigation to explore the different regional patter*ns of emptying and 
compare them with El results must be obtained. Also, comparison gastric emptying 
rates of diabetics with normal subjects in order to validate and refute El results 
required further investigation and study (Imane Boullal; PhD work in progress. Dept 
of Physics, University of Surrey).
A study with NUD patients to explore differences in emptying pattern between 
responders and non-responders should be established.
Investigation of antr*al contractions using a digital antral scintigraphy and a refined 
Fourier transform processing method should be measured.
A study with subjects suffering from achlorydria should also be designed in order to 
investigate whether impedance profiles yield fiirther information regarding gastric 
secretion.
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APPENDIX
APPENDIX I
A program to Rotate an array of data
To use this function:-
IDL > @compile 
IDL > cd,'~/foldemame'
IDL > .run ROTATEprg
IDL > data=read_idld('filename.idld')
IDL > b=progl(data)
IDL > write_idld,'newfile.idld',b
FUNCTION progl, in array
sz=SIZE(in_aiTay)
out_aiTay=INTARR(sz[ 1 ],sz[2] ,sz[3])
FOR i=0,sz[3]-l DO BEGIN
out_aiTay[*,*,i]=ROTATE(in_array['^,*,i],2)
END
RETURN,out_aiTay
END
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APPENDIX II
A program to invert an array of data of a POSTERIOR view 
To use this function:-
IDL > @compile
IDL > cdj'Directoryir
IDL > .run REVERSEprg
IDL > data=read_idld('filenanie.idld')
IDL > b=prog2(data)
IDL > write idld,'newfile.idld',b
FUNCTION prog2, in anay
sz=SIZE(in_aiTay)
out_aiTay=INTARR(sz[ 1 ],sz[2] ,sz[3])
FOR i=0,sz[3]-l DO BEGIN 
outaiTay [ *, * ,i] =REVERSE(in_array[*, * ,i] ,2) 
END
RETURN,outairay 
END
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APPENDIX III
A program used to define anterior stomach’s frames from the initial, middle, and 
final stages of the experiment and applying the same regions of interest to the 
posterior images
IDL> @compile
N.B. Compile all relevant IDL procédures.
IDL> $pwd 
/user/phpg/php2nh
N.B. Check present working directory.
IDL> cdj'Directoryll/folder name'
N.B. Using this command to open and read a certain folder.
IDL> data=read_idld('fiie name')
N.B. Open the file and read the idld-data.
IDL> helpjdata
DATA INT = Ar-ray[128, 128,77]
N.B. Check the size of the data file.
IDL> a=fltarr(77)
N.B. Create an ari'ay of 77 points to receive results.
IDL>datax=congrid(total(data[*,*,0:3],3)+data[*,*,ll]+data[*,*,13]+data[*,*,14]+da
ta[*,*,44]+data['^,*,60]+data[*,*,68]+data[*,*,73:76],512,512)
% Compiled module: CONGRID.
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IDL>datax=congrid(total(data[*,*,0:3],3)+data[’'‘,*,8:10]+data[’*‘,*,14:17]+data[*,*,18
1,512,512)
N.B. Sum up various images to make a composite image, and resize it to 512*512 
pixels.
datax = congrid(total(data[*,*,73:76],3),512,512)
IDL> datay=datax 
N.B. Make a copy of datax.
IDL> tv,datax*255./max(datay)
N.B. Display image.
IDL> xloadct 
N.B. Colour* the image.
IDL> roi 1 =defr*oi(512,512)
% Compiled module: DEFROI.
N.B. Using this command to draw a ROI in a particular* area (i.e fundus).
IDL> pr*int,n_elements(r*oil)
N.B. To get # of pixel in the ROI 1.
IDL> roi2=defroi(512,512)
N.B. Using this command to draw a ROI in a particular*' area (i.e. Body).
IDL> print,n_elernents(roi2)
N.B. To get # of pixel in the ROI 2.
IDL> roi3=defr*oi(512,512)
N.B. Using this command to draw a ROI in a particular area (i.e. Antrum).
IDL> print,n_elements(roi3)
N.B. To get # of pixel in the ROI 3.
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IDL> roibkg=defroi(512,512)
N.B. Using this command to di*aw a ROI in a paiticulai* area (i.e. Background).
IDL > print, n_elements(roibkg)
N.B. To get # of pixel in the ROI-bkg.
IDL> d a t a i  = f l t a i T ( 7 7 )
N.B. an aiTay of 77 points ready to receive values.
IDL> d a t a 2 = f l t a i T ( 7 7 )
N.B. Another array of 77 points ready to receive values.
IDL> data3=fltarr(77)
N.B. Another array of 77 points ready to receive values.
IDL> b k g = f l t a i T ( 7 7 )
N.B. Another array of 77 points ready to receive values.
IDL> for i=0,76 do begin &$
N.B. Start of a loop.
IDL> b=congrid(data[*,*,i],512,512) & tvscl,b &$
N.B. Resize data to 512*512 pixels and display on screen.
IDL> datai [i]==mean(b[roil]) & data2[i]=mean(b[roi2]) & data3[i]=mean(b[roi3]) &$ 
N.B. Set the current element of various arrays to the average of the various regions of 
interest.
IDL> bkg[i] = mean(b[roibkg]) & bkgl[i] = mean(b[roibkgl]) & bkg2[i] = 
mean(b[roibkg2]) & endfor
N.B. Set the cuiTent element of various aiTays to the average of the various
background regions of interest. 
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
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* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
*Then open the POSTERIOR file, and apply the ROIs of the anterior file to the 
Posterior file
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
IDL> data=read_idldClynd29POST.idld')
N.B. Using this command to open and read a certain file.
IDL> help,data
C INT -  Array[128, 128,77]
N.B. See the size of the data file.
IDL> tvscl,(c=congrid(data[*,*,0],512,512))
N.B. Display 512*512 data set, and set parameter c to this data set.
IDL> c[roil]=max(c)
N.B. Set the region of index to the maximum value of the data set.
IDL> tvscl,c
N.B. Display the data set.
IDL> c[roi2]=max(c)
N.B. Set the region of index to the maximum value of the data set.
IDL> tvscl,c
N.B. Display the data set.
IDL> c[roi3]=max(c)
N.B. Set the region of index to the maximum value of the data set.
IDL> tvscl,c
N.B. now display the data set.
IDL> c[roibkg]=max(c)
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N.B. Set the region of index to the maximum value of the data set.
IDL> tvscl,c
N.B. Display the data set.
IDL> data4=fltarr(77)
N.B. An aiTay of 77 points ready to receive values.
IDL> d a t a 5 = f l t a i T ( 7 7 )
N.B. Another ai'ray of 77 points ready to receive values.
IDL> data6=fltarr(77)
N.B. Another aiTay of 77 points ready to receive values.
IDL> bkgg=fltarr(77)
N.B. Another array of 77 points ready to receive values.
IDL> for i=0,76 do begin &$
N.B. Start of a loop.
IDL> d=congrid(data[*,*,i],512,512) & tvscl,d &$
N.B. Resize data to 512*512 pixels and display on screen.
IDL> data4[i]=mean(d[roil]) & data5[i]=mean(d[roi2]) & data6[i]=mean(d[roi3]) &$ 
N.B. Set the current element of various arrays to the average of the various regions of 
interest.
IDL> bkgg[i]= mean(d[roibkg]) & bkggl[i]= mean(d[roibkgl]) & bkgg2[i]= 
mean(d[roibkg2])& endfor
N.B. Set the cuiTent element of various anays to the average of the various
backgi'ound regions of interest. 
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
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